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We investigate a radiative correction to the masses of Kaluza–Klein (KK) modes in a universal
extra-dimensional model defined on a six-dimensional spacetime with extra space as a two-
sphere orbifold S2/Z2. We first define the Feynman rules which are necessary for the calculation.
We then calculate the one-loop diagrams which contribute to the radiative corrections to the KK
masses, and obtain one-loop corrections tomasses for fermions, gauge bosons, and scalar bosons.
We estimate the one-loop corrections to KK masses for the first KK modes of standard model
particles as a function of momentum cut-off scale, and we determine the lightest KK particle
which would be a promising candidate for dark matter.
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1. Introduction
The Standard Model (SM) has been well established. It has indeed passed the test of the accelerator
experiments. It is, however, not a satisfactory theory for all physicists. There seem to be several flaws,
e.g., the hierarchy problems, no candidate for dark matter (DM), and so on. With the fact that relic
abundance of dark matter is well explained by a weakly interacting massive particle, these problems
strongly indicate a new physics beyond the SM at TeV scale.
There are many candidates for such models, for example models with supersymmetry, little Higgs,
extra dimensions, and so on. Since the Large Hadron Collider (LHC) experiment is now operating,
which will explore physics at the TeV scale, it is urgent to investigate possible models at that scale.
Among these, the idea of a universal extra-dimensional (UED) model is very interesting [1,2].
The minimal version of UED has recently been studied very extensively. It is a model with one
extra dimension defined on an orbifold S1/Z2. This orbifold is given by identifying the extra spatial
coordinate y with−y and hence there are fixed points y = 0, π . By this identification chiral fermions
are obtained. It is shown that this model is free from the current experimental constraints if the scale
of the extra dimension, 1/R, which is the inverse of the compactification radius R, is larger than
400GeV [1,3–11]. Dark matter can be explained by the first or second Kaluza–Klein (KK) mode
[12–19], which is often the first KK photon, and this model can be discriminated from other models
[20,21]. Thismodel can also give plausible explanations for SMneutrinomasses which are embedded
in extended models [22].
In contrast with the UED models in five dimensions, UED models in six dimensions have interest-
ing properties which would explain some problems in the SM. For example, in six dimensions, the
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number of generations of quarks and leptons is derived by anomaly cancellations [23], and proton
stability is guaranteed by a discrete symmetry of a subgroup of six-dimensional Lorentz symmetry
[24]. Candidates for UED models in a six-dimensional model are the one with extra dimensions of
T 2, a torus [1], or the one with S2, a sphere [25,26]. In these two classes of model, the latter is quite
new and its phenomenology has been studied recently in Refs. [27–30].
Although we do not have experimental hints of the existence of extra dimensions at the moment,
it is meaningful to explore non-minimal UED models. There are many kind of UED models and
we should know the properties for different models to test them in experiments. For example, we
can explore preferred KK mass scale by estimating the relic density of dark matter for each UED
model using the KK mass spectrum and couplings, and it will suggest what values of KK masses
we can expect to discover in collider experiments. Thus it is important to investigate properties of
each UED model such as mass spectrum and couplings to examine the validity of the UED in exper-
iments. Furthermore, S2 has the structure of the simplest coset space SU(2)/U(1) and it has been
applied in the Coset Space Unification scenario [31,32] to construct unified models. Thus it is worth
investigating the radiative corrections to the mass spectrum of the KK modes even apart from UED
models.
To study it in detail, first of all we have to calculate the quantum correction to the mass spectrum.
It is well known that at tree level all the particles in the same Kaluza–Klein (KK) mode are degen-
erate in mass and therefore it is impossible to predict even a decay mode. It is hence inevitable to
calculate the quantum correction to their mass to find its phenomenological consequences, say, col-
lider signatures. This small correction relative to their tree mass is crucial since mass differences
from it are “infinitely” large compared with at tree level, and hence it determines physics. In the five-
dimensional model, radiative corrections to KK masses and couplings are discussed in [33] where
the importance of choice of regulator is taken into account [34,35]. For the UED model, the authors
of [36] have calculated the radiative corrections in S1 and T 2. Also, the running Higgs self-couplings
and Yukawa couplings are discussed in [37] for the T 2 UED and in [30] for S2-based UED models.
However, there is no calculation of the corrected KK masses for the S2 model [25].
In models with a two-sphere, fermions cannot be massless because of the positive curvature and
hence they have a mass of O(1/R) [38,39]. We cannot overcome the theorem simply by the orbifold-
ing of the extra spaces. In usual cases, we have no massless fermion on the curved space with positive
curvature, but we know a mechanism to obtain a massless fermion on that space by introducing a
non-trivial background gauge field [40,41]. The non-trivial background gauge field can cancel the
spin connection term in the covariant derivative. As a result, a massless fermion naturally appears.
Furthermore, we note that the background gauge field configuration is energetically favorable since
the background gauge kinetic energy lowers the total energy. In order to realize chiral fermions, the
orbifolding is required, for instance. Unfortunately it makes the calculation of the quantum correction
very difficult.
In this paper, we study a new type of UED with S2/Z2 extra dimensions. We treat this theory as
a cut-off theory. We show Feynmann rules for it and calculate the quantum correction as a function
of the cut-off. By this we show the mass spectrum for the theory and offer a basis for studying
phenomenology, such as LHC physics.
The paper is organized as follows. In Sect. 2, we recapitulate the model [25]. We then specify the
Feynman rules for propagators and vertices on the six-dimensional spacetime with the S2/Z2 extra
space. In Sect. 3, we discuss the one-loop calculation for KK mass correction and derive formulas
to estimate corrected KK masses. In Sect. 4, we estimate the corrected first KK masses for each SM
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particle and determine the lightest KK particle of the model. Section 5 is devoted to the summary
and discussions.
2. S2/Z2 UED model
In this section, we first review the universal extra dimensions defined on the six-dimensional space-
time which has extra space as a two-sphere orbifold S2/Z2 [25]. We then define Feynman rules
relevant to our calculation.
2.1. Structure of the model
The model is defined on the six-dimensional spacetime M6 which has extra dimensional space
compactified as the two-sphere orbifold S2/Z2. The coordinates of M6 are denoted by X M =
(xμ, yθ = θ, yφ = φ), where xμ and {θ, φ} are the M4 coordinates and the S2 spherical coordinates,
respectively. The orbifold is defined by identifying the point (θ, φ) with (π − θ,−φ).
The spacetime index M runs over μ ∈ {0, 1, 2, 3} and α ∈ {θ, φ}. The metric of M6 can be
written as
gM N =
(
ημν 0
0 −gαβ
)
, (1)
where ημν = diag(1,−1,−1,−1) and gαβ = diag(R2, R2 sin2 θ) are metrics of M4 and S2/Z2 with
a radius R, respectively, with the radius of S2/Z2 as R.
We introduce a gauge field AM(x, y) = (Aμ(x, y), Aα(x, y)), SO(1,5) chiral fermions 	±(x, y),
and the complex scalar field H(x, y) as the SM Higgs field. The chiral fermion is defined by the
action of the SO(1,5) chiral operator 
7 = γ5 ⊗ σ3, where σi (i = 1, 2, 3) are Pauli matrices and γ5
is the SO(1,3) chiral operator, such that

7	±(x, y) = ±	±(x, y), (2)
so that the chiral projection operator is given by 
± = (1 ± 
7)/2. The boundary conditions for each
field can be defined as
	
(±γ5)± (x, π − θ,−φ) = ±ϒ5	(±γ5)± (x, θ, φ), (3)
Aμ(x, π − θ,−φ) = Aμ(x, θ, φ), (4)
Aα(x, π − θ,−φ) = −Aα(x, θ, φ), (5)
H(x, π − θ,−φ) = H(x, θ, φ), (6)
where ϒ5 = γ5 ⊗ I2 with I2 being the 2 × 2 identity, requiring the invariance of an action in six
dimensions under the Z2 transformation.
The gauge symmetry of the model is G = SU(3) × SU(2) × U(1)Y × U(1)X defined on the six-
dimensional spacetime with gauge-coupling constants g6a in six dimensions where the index a =
{X, 1, 2, 3} distinguishes the gauge symmetries U(1)X , U(1)Y , SU(2), and SU(3). The extra U(1)X
is introduced, which is associated with a background gauge field ABφ given by [41–43],
ABφ = Qˆ X cos θ, (7)
where Qˆ X is the U(1)X charge operator, in order to obtain massless chiral fermions in four dimen-
sions. We then assign the U(1)X charge Qˆ X = 12 to fermions as the simplest case in which massless
3/48
PTEP 2014, 083B04 N. Maru et al.
Table 1. The fermion contents in the model where the representations under gauge symmetry, SO(1,5)
chirality, and the boundary conditions are shown.
Q(x, y) U (x, y) D(x, y) L(x, y) E(x, y)
(SU(3),SU(2))(U(1)Y ,
U(1)X )
(3, 2)
( 1
6 ,
1
2
)
(3, 1)
( 3
2 ,
1
2
)
(3, 1)
(− 13 , 12) (1, 2)(− 12 , 12) (1, 1)(− 1, 12)
SO(1,5) chirality − + + − +
Boundary condition − + + − +
SM fermions appear in four dimensions. Fermions in six dimensions are thus introduced as in Table 1
with zero modes corresponding to SM fermions. Then the action of our model in six dimensions is
written as:
S6D =
∫
dx4 R2 sin θdθdφ[(Q¯, U¯ , D¯, L¯, E¯)i
M DM(Q,U, D, L , E)T
− gM N gK L
∑
a
1
4(g6a)2
T r [FaM K FaN L ]
− R
2
2ξ(g6a)2
[
(∂μ Aμ)2 + ξ
2
R4 sin2 θ
(
∂θ (sin θ Aθ ) + 1
sin θ
∂φ Aφ
)
− 2ξ
R2 sin θ
(∂μ Aμ)
(
∂θ (sin θ Aθ ) + 1
sin θ
∂φ Aφ
)]
+ c¯
(
∂μDμ + ξR2 sin θ ∂θ (sin θ Dθ ) +
ξ
R2 sin2 θ
∂φ(Dφ)
)
c
+ (DM H)†(DM H) − μ2 H† H + λ64 (H
† H)2
+ [Yu QU¯ H∗ + Yd Q D¯H + Ye L E¯ H + h.c.]], (8)
where the 
M in the first line in the right-hand side are gamma matrices in six dimensions defined
as 
M = {γ μ ⊗ I2, γ5 ⊗ iσ1, γ5 ⊗ iσ2} with the four-dimensional Gamma matrices γ μ, the third to
the fourth lines are gauge-fixing terms with the gauge-fixing parameter ξ , the fifth line corresponds
to a ghost term for the non-Abelian gauge group, the sixth line denotes a Lagrangian for the Higgs
field, and the last line denotes Yukawa interactions with Yukawa couplings Yu,d,e in six dimensions.
We note here that the U(1)X gauge symmetry should be broken to avoid a massless gauge boson.
In [25], we discussed that the U(1)X symmetry is anomalous and is broken at the quantum level,
so that its gauge boson should be heavy at the UV cut-off scale. However, it is also discussed that
if U(1)X is broken at high scale, the classical monopole configuration is changed by the mass term
of the gauge boson, and the spontaneous compactification mechanism is spoiled [26,44]. Thus it
would be necessary to introduce somemechanism to recover the monopole configuration. As another
possibility, we can consider a lower breaking scale of U(1)X than the compactification scale if U(1)X
is not anomalous, introducing suitable fermion content. This case will give a Z ′ boson which would
be relatively light, and it can accommodate observed data if the gauge coupling of U(1)X is small
enough. Also, its first KK mode will be heavier than the lightest KK mode of SM particles since the
zero mode is not massless and quantum correction would be small due to small coupling, and it will
not be a DM candidate consistent with our analysis below. In this paper, we will not discuss further
the U(1)X issue since it is beyond the scope of our discussion.
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The KK masses for each particle are obtained from the kinetic terms in Eq. (8), by expanding
fields on six dimensions using KK mode functions. The fermions 	(±γ5)± are expanded in terms of
the eigenfunctions of the Dirac operator on S2 which are given as
	m(=0)(θ, φ) =
(
α˜m(z, φ)
β˜m(z, φ)
)
= e
mφ
√
2π
⎛
⎝ Cmα˜ (1 − z)
1
2 |m|(1 + z) 12 |m| P(|m|,|m|)−|m| (z)
Cm
β˜
(1 − z) 12 |m+1|(1 + z) 12 |m−1| P(|m+1|,|m−1|)−|m| (z)
⎞
⎠ ,
(9)
	0(θ, φ) =
(
α˜0(z)
β˜−10(z)
)
= 1√
2π
⎛
⎝ C0α˜ P(0,0) (z)
C−10
β˜
√
1 − z2 P(1,1)−1 (z)
⎞
⎠ , (10)
where P(m,n) (z) is a Jacobi polynomial with z = cos θ , Cmα˜(β˜) are the normalization constants deter-
mined by
∫
dα˜∗α˜(β˜∗β˜) = 1, and the indices {, m} correspond to angular momentum quantum
numbers on the two-sphere specifying KK modes [25,39]. These mode functions satisfy
iDˆ	m = − 1R
[
σ1
(
∂θ + cos θ2
)
+ σ2
(
1
sin θ
∂φ + Qˆ X cot θ
)]
	m = M	m, (11)
where M =
√
(+1)
R , corresponding to KK mass, and iDˆ is the Dirac operator on S
2/Z2 with the
background gauge field in Eq. (7). They also satisfy the completeness relation
∞∑
=0
∑
m=−
	m(z, φ)	
†
m(z
′, φ′) = δ(z − z′)δ(φ − φ′). (12)
A fermion 	(±γ5)+ (x, θ, φ) on M4 × S2/Z2, satisfying boundary condition Eq. (3), is expanded as
	
(±γ5)+ (x, θ, φ) =
∑
m
1√
2
(
[α˜m(θ, φ) ± α˜m(π − θ,−φ)]PRψm(x)
[β˜m(θ, φ) ∓ β˜m(π − θ,−φ)]PLψm(x)
)
, (13)
whereψm shows an SO(1,3) Dirac fermion, PL(R) are chiral projection operators in four dimensions,
and {PL , PR} are interchanged in the right-hand side for 	(±γ5)− (x, θ, φ). Then the kinetic and KK
mass terms for KK modes are given in terms of ψm such that∫
d	(±γ5)± (x, θ, φ)i
M∂M	
(±γ5)± (x, θ, φ)
=
∑
m
m
[
ψ¯m(x)iγ μ∂μψm(x) ± Mψ¯m(x)γ5ψm(x)
]
, (14)
where m is 0 for { = odd, m = 0} and unity for other modes. We also need to take into account
Yukawa couplings of Higgs zero mode and fermion non-zero KKmodes to obtain the mass spectrum
of the KK particles after the electroweak symmetry breaking. The Yukawa coupling with Higgs zero
mode H00 is written as
LY =
∑
m
Y√
4π R2
[
ψ¯ Fm(x)H
00(x)PLψ
f
m(x) + ψ¯ Fm(x)H00(x)PRψ fm(x)
]
+ h.c., (15)
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where ψ F = Q, L correspond to SU(2) doublets and ψ f = U, D, E correspond to SU(2) singlets.
After the zero-mode Higgs getting a vacuum expectation value (VEV), we have the mass term of the
KK modes in the form
Lψmass =
(
ψ¯ Fm ψ¯
f
m
)( M mSM
mSM −M
)(
ψ Fm ψ
f
m
)
, (16)
where mSM expresses the masses in the SM, and the mass spectrum is obtained by diagonalizing the
mass matrix.
The four-dimensional components of gauge fields Aμ(x, θ, φ) are expanded in terms of a linear
combination of spherical harmonics, satisfying boundary condition Eq. (4), such that
Aμ(x, θ, φ) =
∑
m
Y +m(θ, φ)Amμ(x), (17)
where Y +m(θ, φ) = (i)+m[Ym(θ, φ) + (−1)Y−m(θ, φ)]/
√
2 for m = 0 and Y +0(θ) = Y0(θ)(0)
for m = 0 with  = even(odd), respectively. Then the kinetic and KK mass terms for the KK modes
are obtained as∫
d
[
−1
4
Fμν(x, θ, φ)Fμν(x, θ, φ) − 12 g
μαgνβ Fμα(x, θ, φ)Fμβ(x, θ, φ)
]
⊃
∫
d
[
−1
4
Fμν(x, θ, φ)Fμν(x, θ, φ) + 12 A
μ(x, θ, φ)Lˆ2 Aμ(x, θ, φ)
]
=
∑
m
m
[
−1
4
Fμνm (x)Fmμν(x) +
1
2
M2 A
μ
m(x)Amμ(x)
]
, (18)
where Lˆ2 = −(1/ sin θ)∂θ (sin θ∂θ ) − (1/ sin2 θ)∂2φ is the square of the angular momentum operator
and m is the same as in Eq. (14). After electroweak symmetry breaking, the KK modes of the
W± and Z bosons also obtain the contribution of SM mass m2W W
+m
μ Wμ−m and m2Z Z
m
μ Zμm
respectively.
The Lagrangian quadratic in {Aθ , Aφ} is given by
L Aθ ,Aφ quadratic =
1
2g2
sin θ
[
(∂μ Aθ )(∂μ Aθ ) + (∂μ A˜φ)(∂μ A˜φ)
− 1
R2 sin2 θ
((∂θ sin θ A˜φ) − (∂φ Aθ ))2 − ξ
R2 sin2 θ
((∂θ sin θ Aθ ) + ∂φ A˜φ)2
]
,
(19)
where A˜φ = Aφ/ sin θ and the second line in the right-hand side corresponds to a gauge-fixing term.
This Lagrangian is not diagonal for {Aθ , Aφ} so that we carry out the substitution
Aθ (x, θ, φ) = ∂θφ2(x, θ, φ) − 1
sin θ
∂φφ1(x, θ, φ), (20)
Aφ(x, θ, φ)
sin θ
= ∂θφ1(x, θ, φ) + 1
sin θ
∂φφ2(x, θ, φ), (21)
to diagonalize the quadratic terms. Then the quadratic terms become
L Aθ ,Aφ quadratic =
1
g2
sin θ
[
∂μφ1∂
μ(Lˆ2φ1) + ∂μφ2∂μ(Lˆ2φ2) − 1R2 (Lˆ
2φ1)
2 − ξ
R2
(Lˆ2φ1)2
]
.
(22)
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Thus the mode functions for the extra-dimensional components’ gauge field φi is given as
Y˜m(θ, φ) = 1√
( + 1)Ym(θ, φ), (23)
where the factor of 1/
√
( + 1) is required for normalization due to the extra Lˆ2 factor in Eq. (22).
Then φi (θ, φ, x) is expanded as
φi (x, θ, φ) =
∑
m
Y˜ +m(θ, φ)φim(x), (24)
taking into account the boundary condition Eq. (5). Therefore, KK mass terms for φi are obtained as
1
2
∫
d
[
∂μφ1(x, θ, φ)∂
μ(Lˆ2φ1(x, θ, φ)) + ∂μφ2(x, θ, φ)∂μ(Lˆ2φ2(x, θ, φ))
− 1
R2
(Lˆ2φ1)2 − ξ
2
R2
(Lˆ2φ2)2
]
=
∑
m
m
[
∂μφ1m∂
μφ1m + ∂μφ2m∂μφ2m − M2 φ1mφ1m − ξ M2 φ2mφ2m
]
, (25)
where m is 0 for { = odd, m = 0} and unity for other modes, the gauge-fixing parameter ξ is taken
as 1 in our analysis applying the Feynman–t’Hooft gauge, and the KK modes of φ2 are interpreted as
Nambu–Goldstone (NG) bosons. These NG bosons will be eaten by KK modes of four-dimensional
components of the gauge field giving their longitudinal component. After electroweak symmetry
breaking, KKmodes corresponding to extra components for W± and Z fields obtain the contribution
of SM mass m2W W
+m
1,2 W
−m
1,2 and m
2
Z Z
m
1,2 Z
m
1,2, respectively.
The mode function for the scalar field is also given by the spherical harmonics Ym(θ, φ), and
H(x, θ, φ) on M4 × S2/Z2 is expanded as
H(x, θ, φ) =
∑
m
Y +m(θ, φ)Hm(x), (26)
taking into account the boundary condition Eq. (6). Thus the kinetic and KK mass terms are
obtained as ∫
d
[
∂μH†(x, θ, φ)∂μH(x, θ, φ) − Lˆ2 H†(x, θ, φ)H(x, θ, φ)
]
=
∑
m
m
[
∂μH†m∂μHm − M2 H†m Hm
]
, (27)
and we also have SMHiggs mass contribution m2H (H
m)† H m . Therefore, the KKmasses are given,
in general, at tree level, as
m2 =
( + 1)
R2
+ m2SM, (28)
which is characterized by angular momentum number  but independent of m. Also, the KK parity is
defined as (−1)m for each KK particle due to discrete Z ′2 symmetry of (θ, φ) → (θ, φ + π), which
is understood as the symmetry under the exchange of two fixed points on the S2/Z2 orbifold,
(
π
2 , 0
)
and
(
π
2 , π
)
. Thus we can confirm the stability of the lightest KK particle with odd parity.
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2.2. Propagators on the six dimensions with S2/Z2 extra space
Here we discuss the Feynman rules for propagators and vertices on M4 × S2/Z2 for a fermion and
a gauge boson. We first consider propagators on M4 × S2 and then derive the rules after orbifolding
taking into account the boundary conditions of fields on S2/Z2. The propagator of fermion SF (x −
x ′, z − z′, φ − φ′) = 〈	(x, θ, φ)	¯(x, θ, φ)〉 on M4 × S2, here 	 being a Dirac fermion, is defined
as an inverse matrix of the Dirac operator on six dimensions:
i
M∂M = i
μ∂μ + i
α∂α, (29)
where the i
α∂α = γ5 ⊗ iDˆ are the extra-dimensional components of the Dirac operator in six
dimensions, with iDˆ given in Eq. (11). Then the propagator should satisfy
i
M∂M SF (x − x ′, z − z′, φ − φ′) = iR2 δ
(4)(x − x ′)δ(z − z′)δ(φ − φ′), (30)
where the R2 factor on the right-hand side is included to compensate mass dimensions. Then
SF (x − x ′, z − z′, φ − φ′) can be written, using the mode function in Eqs. (9) and (10), as
SF (x − x ′, z − z′, φ − φ′) =
∞∑
=0
∑
m=−
∫ d4 p
(2π)4
i

μ pμ + iϒ5 M
	m(z, φ)
R
× 	
†
m(z
′, φ′)
R
e−ip·(x−x
′), (31)
where we can confirm that it satisfies Eq. (30) applying Eq. (11) and the completeness condition
Eq. (12) for mode functions. The propagator on M4 × S2/Z2 is obtained in terms of the linear com-
bination 	(±γ5)(x, z, φ) = (	(x, z, φ) ± ϒ5	(x,−z,−φ))/2, satisfying the boundary condition
Eq. (3), such that
S˜(±γ5)F (x − x ′, z − z′, φ − φ′)
= 〈	(±γ5)(x, θ, φ)	¯(±γ5)(x, θ, φ)〉
= 1
4
[
〈	(x, z, φ)	¯(x ′, z′, φ′)〉 ∓ 〈	(x, z, φ)	¯(x ′,−z′,−φ′)〉ϒ5
± ϒ5〈	(x,−z,−φ)	¯(x ′, z′, φ′)〉 − ϒ5〈	(x,−z,−φ)	¯(x ′,−z′,−φ′)〉ϒ5
]
, (32)
where each 〈		¯〉 is given by Eq. (31). Then it can be simplified as
S˜(±γ5)F (x − x ′, z − z′, φ − φ′) =
1
2
∞∑
=0
∑
m,m′=−
∫ d4 p
(2π)4
[
iδmm′

μ pμ + iϒ5 Ml ∓
(−1)+m iδ−mm′

μ pμ + iϒ5 Mϒ5
]
× 	m(z, φ)
R
	
†
m′(z
′, φ′)
R
e−ip·(x−x
′), (33)
where the sign factor (−1)+m is derived from the relation 	m(−z,−φ) = (−1)+m	−m(z, φ).
This propagator has a similar structure to the minimal UED case except for the sign factor [36,45].
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The propagator of the gauge boson, DμνF (x − x ′, z − z′, φ − φ′), on M4 × S2 is defined to satisfy[
∂μ∂
μ + 1
R2
Lˆ2
]
DμνF (x − x ′, z − z′, φ − φ′) =
igμν
R2
δ(4)(x − x ′)δ(z − z′)δ(φ − φ′), (34)
in Feynman–t’Hooft gauge, where the operator in the left-hand side comes from the kinetic term
shown in Eq. (18). Then the propagator is expressed by spherical harmonics as
DμνF (x − x ′, z − z′, φ − φ′) =
∞∑
=0
∑
m=−
∫ d4 p
(2π)4
−igμν
p2 − M2
Ym(z, φ)
R
Y ∗m(z
′, φ′)
R
e−ip·(x−x
′),
(35)
which satisfies Eq. (34) with the completeness relation of spherical harmonics. The propagator on
M4 × S2/Z2 is obtained by taking into account the boundary condition Eq. (4) as the case of fermion
propagator. Substituting Ym(θ, φ) in the linear combination (Ym(θ, φ) + Ym(π − θ,−φ))/2,
satisfying the boundary condition, we obtain
D˜μνF (x − x ′, z − z′, φ − φ′) =
1
2
∞∑
=0
∑
m,m′=−
∫ d4 p
(2π)4
−igμν
p2 − M2
[
δmm′ + (−1)δ−mm′
]
× Ym(z, φ)
R
Y ∗
m′(z
′, φ′)
R
e−ip·(x−x
′), (36)
where the factor of (−1) is derived from the relation Ym(π − θ,−φ) = (−1)Y−m(θ, φ).
The propagators for φ1,2, the linear combination of the extra-dimensional component of gauge
field Aθ,φ , are similarly given as four-dimensional components which satisfy
[
∂μ∂
μ + 1
R2
Lˆ2
]
Lˆ2 DexF (x − x ′, z − z′, φ − φ′) = −
i
R2
δ(4)(x − x ′)δ(z − z′)δ(φ − φ′), (37)
where the minus sign in the right-hand side comes from the minus sign in the θθ and φφ components
of the metric gM N , and the extra Lˆ2 factor comes from the left-hand side of Eq. (25) due to the
substitutions of Eqs. (20) and (21). Thus the propagators before and after orbifolding are obtained as
DexF (x − x ′, z − z′, φ − φ′) =
∞∑
=0
∑
m,m′=−
∫ d4 p
(2π)4
i
p2 − M2
Y˜m(z, φ)
R
Y˜ ∗
m′(z
′, φ′)
R
e−ip·(x−x
′),
(38)
D˜exF (x − x ′, z − z′, φ − φ′) =
1
2
∞∑
=0
∑
m,m′=−
∫ d4 p
(2π)4
i
p2 − M2
[δmm′ + (−1)δ−mm′]
× Y˜m(z, φ)
R
Y˜ ∗
m′(z
′, φ′)
R
e−ip·(x−x
′), (39)
where Y˜m = Ym/
√
( + 1), for both φ1 and φ2 in the Feynman–t’Hooft gauge, and the propagator
on M4 × S2/Z2 is obtained in the same way as for four-dimensional components using (Y˜m(θ, φ) +
Y˜m(π − θ,−φ))/2 for mode functions.
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The propagator for the scalar boson is obtained similarly to the gauge boson case as
DF (x − x ′, z − z′, φ − φ′) =
∞∑
=0
∑
m=−
∫ d4 p
(2π)4
i
p2 − M2
Ym(z, φ)
R
Y ∗m(z
′, φ′)
R
e−ip·(x−x
′). (40)
This propagator satisfies the condition[
∂μ∂
μ + 1
R2
Lˆ2
]
DF (x − x ′, z − z′, φ − φ′) = − iR2 δ
(4)(x − x ′)δ(z − z′)δ(φ − φ′). (41)
Then, after orbifolding, we obtain
D˜F (x − x ′, z − z′, φ − φ′) = 12
∞∑
=0
∑
m=−
∑
m′=−
∫ d4 p
(2π)4
i
p2 − M2
[δmm′ + (−1)δ−mm′]
× Ym(z, φ)
R
Y ∗
m′(z
′, φ′)
R
e−ip·(x−x
′). (42)
2.3. Vertices on the six dimensions with S2/Z2 extra space
The Feynman rules for the vertices in the model, along with the propagators, are obtained in terms
of mode functions. As an example, we consider a gauge interaction of a chiral fermion 	(±γ5)±
written by∫
d4xdg6a	¯(±γ5)± 
μT ai A
i
μ	
(±γ5)± =
∫
d4xdg6a	¯(±γ5)
μT ai A
i
μ
1 ± 
7
2
	(±γ5), (43)
where the T as are generators of a gauge symmetry. When the fields 	¯(±γ5), 	(±γ5), and Aμ on the
interaction make contractions, applying the propagators of	 and Aμ given in Eqs. (33) and (36), we
get the propagators on momentum space:
1
2
[
iδmm′

μ pμ + iϒ5 Ml ∓
(−1)+m iδ−mm′

μ pμ + iϒ5 Mϒ5
]
, (44)
1
2
−igμν
k2 − M2
[
δmm′ + (−1)δ−mm′
]
, (45)
and the mode functions 	m(z, φ)(	
†
m(z, φ)) and Ym(z, φ) are left as a vertex factor. Thus the
vertex factor of ψ1m1 Ai2m2ψ3m3 coupling for each combination of KK modes is derived as
i
g6a
R
T ai
∫
d	†1m1(z, φ)Y2m2(z, φ)

μ 1 ± 
7
2
	3m3(z, φ)
= i g6a
R
T ai
[(∫
dα˜∗1m1Y2m2 α˜3m3
)
γ μPR(L) +
(∫
dβ˜∗1m1Y2m2 β˜3m3
)
γ μPL(R)
]
≡ i g6a
R
T ai γ
μ
[
I α1m1;2m2;3m3 PR(L) + I
β
1m1;2m2;3m3 PL(R)
]
, (46)
where the integration in the right-hand side is over S2/Z2, the mode functions for fermions are given
in Eq. (9) and (10), and indices of Ta are understood to be contracted with KK fermions ψ1m1 and
ψ3m3 . Other vertex factors are derived in the same way and the full list of the vertex factors in the
model is given in Appendix A.
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3. One-loop quantum correction of KK masses
In this section, we derive one-loop corrections to the KK mass M which does not include the SM
mass mSM, being purely obtained from the extra-dimensional kinetic term, by calculating relevant
one-loop diagrams. Readers who are interested in our results might skip this section discussing the
technical details.
3.1. Correction to KK masses of fermions
The one-loop diagrams relevant to correction of KK masses of fermions are given as Figs. 1 and 2,
where the corresponding quantum numbers {, m} are shown for each external and internal line.
Figure 1 shows the virtual gauge boson contributions, including both four-dimensional components
and extra-dimensional components, and Fig. 2 shows the virtual Higgs boson contribution. Here we
discuss the one-loop diagram Fig. 1 with virtual Aμ for the external 	
(±γ5)+ case to show the struc-
ture of the quantum correction. We can calculate the diagram by applying the propagators Eqs. (33)
and (36) and vertex Eq. (46), such that
−iFig.1(p; m; ′m′) = 1
4R2
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫

d4k
(2π)4
×
[
−i
(p − k)2 − M22
(δm1−m,m′1−m′ + (−1)
2δ−(m1−m),m′1−m′)
× (ig6aT aγ μ)[I α1m′1;2m′1−m′;′m′ PR + I
β
1m′1;2m′1−m′;′m′
PL ]
× i
/k + iγ5 M1
(δm1,m′1 ∓ (−1)
1+m1δ−m1,m′1γ5)
× (ig6aT aγμ)[I αm;2m1−m;1m1 PR + I
β
m;2m1−m;1m1 PL ]
]
, (47)
where PL and PR on the right-hand side will be interchanged for 	
(±γ5)− and the underline for the
KK numbers in the vertex factor I α(β)m;2m1−m;1m1 shows that the corresponding spherical harmonics
are conjugate: Y ∗2m1−m . The quantum numbers 1, 2, m1, and m
′
1 are associated with the KKmodes
in the loop which are summed over. In this paper we employ, for all one-loop diagram calculations,
the cut-off  for four-momentum integration and max for the angular momentum sum, in order to
Fig. 1. One-loop diagram for correction to KK masses of fermion with virtual gauge bosons including
extra-dimensional components.
Fig. 2. One-loop diagram for correction to KK masses of fermion with virtual Higgs bosons.
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regularize the loop diagram. Summing over m′1, the products of the Kronecker delta and the vertex
factors I x (x = α or β) are arranged as∑
m′1
(δm1−m,m′1−m′ + (−1)
2δ−(m1−m),m′1−m′)(δm1,m′1 ± (−1)
1+m1δ−m1,m′1γ5)
× I x
1m′1;2m′1−m′;′m′ I
x ′
m;2m1−m;1m1
= (δm,m′ ± (−1)′+mδ−m,m′γ5)I x1m1;2m1−m;′m I x
′
m;2m−m1;1m1
+ (−1)2(δ2m1,m+m′ ± (−1)
′+mδ2m1,m−m′γ5)I
x
1m1;2−m1+m;′2m1−m I
x ′
m;2m−m1;1m1, (48)
where we used the relation I x1−m1;2−m2;3−m3 = (−1)1+2+3+m1+m3 I x1m1;2m2;3m3 obtained from
the definition of the vertex factor given in Eq. (46). The first term in the right-hand side of Eq. (48)
corresponds to bulk contribution conserving KK-number m, and the second term corresponds to the
boundary contribution violating the conservation of the KK-number m. Thus the one-loop diagram
contribution can be separated into bulk and boundary contributions such that
− iFig.1(p;μ; m; ′m′) = −iFig.1bulk (p; m; ′m′) − i
Fig.1
bound(μ; m; ′m′), (49)
where bulk contribution is proportional to m conserving Kronecker deltas {δm,m′, δ−m,m′ }, and the
boundary contribution is proportional to m violating Kronecker deltas {δ2m1,m+m′, δ2m1,m−m′ }. As
usual we combine denominators in the momentum integral using Feynman parameter α, and carry
out Wick rotation. The momentum integral becomes∫

d4k
(2π)4
1[
(p − k)2 − M22
] [
k2 − M21
]
= i
(4π)2
∫ 1
0
dα
∫ 2
0
k2E dk2E[
k2E − α(1 − α)p2 + M21(1 − α) + M22α
]2 , (50)
where we performed the substitution k − αp → k, kE is a Euclidean 4-momentum, and the integra-
tion over k2E is regularized by cut-off . We estimate the momentum integration numerically, taking
cut-off as a parameter for bulk contribution, while we only left the leading log-divergent part with
renormalization scale μ for a boundary contribution such that
∫ 2
0
k2E dk2E[
k2E − α(1 − α)p2 + M21(1 − α) + M22α
]2 → log
(
2
μ2
)
, (51)
assuming a vanishing contribution at the cut-off scale . Then, after arranging the terms, Eq. (47) is
organized as
−iFig.1bulk (p; m; ′m′) =
[
/p
(
iFig.1,Lbulk (p; m; ′m′)PL + i
Fig.1,R
bulk (p; m; ′m′)PR
)
+ iγ5
(
i˜Fig.1,Lbulk (p; m; ′m′)PL + i˜
Fig.1,R
bulk (p; m; ′m′)PR
)]
(52)
−iFig.1bound(p; m; ′m′) =
[
/p
(
iFig.1,Lbound (μ; m; ′m′)PL + i
Fig.1,R
bound (μ; m; ′m′)PR
)
+ iγ5
(
i˜Fig.1,Lbound (μ; m; ′m′)PL + i˜
Fig.1,R
bound (μ; m; ′m′)PR
)]
, (53)
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where the coefficients L(R) and ˜L(R) correspond to the terms proportional to /p and iγ5 respec-
tively, associated with PL(R). These coefficients are explicitly given by
iFig.1,L(R)bulk (p; m; ′m′) = i
g26a
64π2 R2
(T a)2
max∑
1=0
max∑
2=0
1∑
m1=−1
∫ 1
0
dα
∫ 2
0
xdx
[x + ]2 (−1)
m1−m
× 2α I β(α)
1m1;2m1−m;′m I
β(α)
m;2m−m1;1m1
(
δm,m′ ± (−1)′+mδ−m,m′γ5
)
,
(54)
i˜Fig.1,L(R)bulk (p; m; ′m′) = i
g26a
64π2 R2
(T a)2
max∑
1=0
max∑
2=0
1∑
m1=−1
∫ 1
0
dα
∫ 2
0
xdx
[x + ]2 (−1)
m1−m
× 4M1 I α(β)1m1;2m1−m;′m I
β(α)
m;2m−m1;1m1
(
δm,m′ ± (−1)′+mδ−m,m′γ5
)
,
(55)
iFig.1,L(R)bound (μ; m; ′m′) = i
g26a
64π2 R2
(T a)2
max∑
1=0
max∑
2=0
1∑
m1=−1
(−1)m1−m+2 log
(
2
μ2
)
× I β(α)
1m1;2−m1+m;′2m1−m I
β(α)
m;2m−m1;1m1
× (δ2m1,m+m′ ± (−1)′+mδ2m1,m−m′γ5), (56)
i˜Fig.1,L(R)bound (μ; m; ′m′) = i
g26a
64π2 R2
(T a)2
max∑
1=0
max∑
2=0
1∑
m1=−1
(−1)m1−m+2 log
(
2
μ2
)
× 4M1 I α(β)1m1;2−m1+m;′2m1−m I
β(α)
m;2m−m1;1m1
× (δ2m1,m+m′ ± (−1)′+mδ2m1,m−m′γ5), (57)
where  = −α(1 − α)p2 + (1 − α)M21 + αM22 . We also note that there appear sign factors of
(−1){,m} from propagators in the S2/Z2 orbifold and vertices, which lead to different sign con-
tributions from each KK mode in the loop. Then the contributions depend on max differently for
even or odd max, as we will see below. Also, we can numerically check that external  and m are
conserved so that the  = ′ andm = m′ cases give non-zero contribution, which is satisfied for other
diagrams. The other diagrams are also calculated in the same manner, and we list the contributions
from each diagram in Table A4. Therefore, we obtain one-loop level correction to the Lagrangian
such that
δL1−loop = Lbulk(p2; m; m)ψ¯mL iγ μ∂μψmL + Rbulk(p2; m; m)ψ¯m Riγ μ∂μψm R
+ 1
2
[
˜Lbulk(p
2; m; m) + ˜Rbulk(p2; m; m)]ψ¯m iγ5ψm
]
+ Lbound(μ; m; m)ψ¯mL iγ μ∂μψmL + Rbound(μ; m; m)ψ¯m Riγ μ∂μψm R
+ 1
2
[
˜Lbound(μ; m; m) + ˜Rbound(μ; m; m)]ψ¯m iγ5ψm
]
, (58)
where each coefficientL(R)bulk ,
L(R)
bound, ˜
L(R)
bulk , and ˜
L(R)
bound is understood as the sum of the correspond-
ing contributions from all diagrams.
To obtain one-loop corrections to KK mass, we take into account a renormalization condition for
each KKmode. The kinetic and KKmass terms of each KK mode of a fermion are given in Eq. (14).
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Defining, as a renormalization of fields, ψR(L) →
√
Z R(L)ψR(L) =
√
1 + δR(L)ψR(L), the terms in
Eq. (14) become
ψ¯Lm iγ μ∂μψLm + ψ¯Rm iγ μ∂μψRm + iMψ¯Lmγ5ψRm + iMψ¯Rmγ5ψLm
δLψ¯Lm iγ μ∂μψLm + δRψ¯Rm iγ μ∂μψRm + 12(δL + δR)(iMψ¯Lmγ5ψRm + iMψ¯Rmγ5ψLm),
(59)
where we have taken up to the first order in δR(L), which corresponds to the counter terms. Thus the
contribution from these counter terms is shown by
counter terms(p; m) = i/p[δL PL + δR PR] + i(iγ5 M)(PL + PR)12[δL + δR]. (60)
Then we employ the renormalization conditions at cut-off scale  as(
iδL + iLbulk(p2; m; m)) |p2=−2,M2max=2= 0, (61)(
iδR + iRbulk(p2; m; m)) |p2=−2,M2max=2= 0, (62)
which corresponds to the requirement that the kinetic term has canonical form at the cut-off scale,
and the counter terms δR(L) are determined from these conditions. Combining contributions from
the one-loop diagrams and the counter terms, we obtain the corrected kinetic and KK mass terms
such that
δL = δLψ¯Lm iγ μ∂μψLm + δRψ¯Rm iγ μ∂μψRm
+ 1
2
(δL + δR)(ψ¯Lm iMγ5ψRm + ψ¯Rm iMγ5ψLm) + δL1−loop. (63)
Therefore, normalizing the kinetic terms by
ψR(L)m →
(
1 + R(L)bulk (p2; m; m) + R(L)bound(μ; m; m) + δR(L)
)− 12
ψR(L)m, (64)
we obtain the corrected KK mass of
M˜m  M + 12
[
(˜Lbulk + ˜Rbulk)(p2; m; m) + (˜Lbound + ˜Rbound)(μ; m; m)
]
− 1
2
M
[
(Lbulk + Rbulk)(p2; m; m) + (Lbound + Rbound)(μ; m; m)
]
≡ M + (δM)ψm (65)
for each KK mode of fermions, where we have taken the first order of and δ in the right-hand side.
3.2. Correction to KK masses of gauge boson
The one-loop diagrams corresponding to corrections to KK masses of gauge bosons are given in
Figs. 3–7 for both four-dimensional components and extra-dimensional components in external lines,
where corresponding quantum numbers {, m} are shown for each external and internal line. Figure 3
shows the fermion loop, Figs. 4 and 5 show Higgs boson loops from 3-point and 4-point gauge
interactions respectively, and Figs. 6 and 7 show the gauge boson loops from 3-point and 4-point self-
interactions respectively. These diagrams are calculated in the samemanner as the case of KKmass of
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Fig. 3. One-loop diagram for correction to KK masses of gauge bosons {Aμ, φ1, φ2} with virtual fermions.
Fig. 4. One-loop diagram for correction to KKmasses of gauge bosons {Aμ, φ1, φ2}with virtual Higgs bosons.
Fig. 5. One-loop diagram for correction to KKmasses of gauge bosons {Aμ, φ1, φ2}with virtual Higgs bosons.
Fig. 6. One-loop diagram for correction to KKmasses of gauge bosons {Aμ, φ1, φ2}with virtual gauge bosons
including extra components.
Fig. 7. One-loop diagram for correction to KKmasses of gauge bosons {Aμ, φ1, φ2}with virtual gauge bosons
including extra components.
fermions, and we summarize the results in Appendix B. Separating bulk and boundary contributions,
we can organize the one-loop diagram contributions generally as
iμν(p2;μ; m; m) = ibulkμν (p2; m; m) + iboundμν (p2;μ; m; m), (66)
ibulk(bound)μν (p2(p2;μ); m; m) = (p2gμν − pμ pν)ibulk(bound)(p2(p2;μ); m; m)
+ gμν i˜bulk(bound)(p2(p2;μ); m; m), (67)
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where we also separated the terms proportional to (p2gμν − pμ pν) contributing the correction of
the kinetic term of Aμ and the terms proportional to gμν in the right-hand side of second line. The
contributions to the coefficients of (˜) from each diagram are summarized in Tables A5 and B1.
Thus the correction to the Lagrangian is
δL1loop = 14bulk(p
2; m; m)Fμνlm Fmμν +
1
2
˜bulk(p2; m; m)Aμm Amμ
+ 1
4
bound(p2;μ; m; m)Fμνlm Fmμν +
1
2
˜bound(p2;μ; m; m)Aμm Amμ, (68)
where (˜)s in the right-hand side are understood as the sum of the corresponding contributions
from all diagrams.
As in the fermion case, we consider the renormalization condition to obtain one-loop corrections
to KK masses for KK gauge bosons. The kinetic and KK mass terms of each KK mode of the gauge
boson are given in Eq. (18). Defining as a renormalization of the gauge field, Aμ →
√
Z3 Aμ =√
1 + δ3 Aμ, these terms become
− 1
4
Fμνm Fmμν +
1
2
M2 A
μ
m Amμ −
1
4
δ3 F
μν
m Fmμν +
1
2
δ3 M2 A
μ
m Amμ, (69)
where we have taken up to the first order in δ3 corresponding to counter terms. Thus the contribution
from these counter terms is
counter term(p2; m) = −i(p2gμν − pμ pν)δ3 + iM2 δ3. (70)
Then we employ the renormalization condition at cut-off scale  as
(bulk(p2; m; m) − δ3) |p2=−2,M2max=2= 0, (71)
which requires the canonical form of kinetic term at the cut-off scale as in the fermion case, and the
counter term δ3 is determined by the condition. Combining contributions from one-loop diagrams
and counter terms, we obtain the one-loop corrections to kinetic and KK mass terms such that
δL = −1
4
δ3 F
μν
m Fmμν +
1
2
δ3 Aμm Lˆ
2 Amμ + δL1−loop. (72)
Therefore, normalizing the kinetic terms by
Aμm →
(
1 − bulk(p2; m; m) − bound(p2;μ; m; m) + δ3
)− 12 Aμm, (73)
we obtain one-loop corrections to KK mass
M˜2 = M2 + ˜bulk(p2; m; m) + ˜bound(p2;μ; m; m) + M2
[
bulk(p2; m; m)
+ bound(p2;μ; m; m)
]
,
≡ M2 + (δM2)
Aμ
m , (74)
for each KK mode of gauge bosons, where we have taken the first order in  and δ3 in the
right-hand side.
The extra-dimensional components of gauge fields Aθ,φ are considered as scalar fields in four
dimensions, and the KK mass eigenstates are given by φi which are defined as Eqs. (20) and (21).
Then the kinetic and KK mass terms of φi are in the same form as those of the scalar field. For φi ,
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we write the contributions from one-loop diagrams to corrections of diagonal mass terms φiφi
such that
i(i)(p2;μ; m; m′) = i(i)bulk(p2;μ; m; m′) + i(i)bound(p2;μ; m; m′), (75)
i(i)bulk(bound)(p
2(p2;μ); m; m′) = p2i(i)bulk(bound)(p2 = 0(p2 = 0;μ); m; m′)
− i˜(i)bulk(bound)(p2 = 0(p2 = 0;μ); m; m′), (76)
where the bulk and the boundary contributions are separated, and each numerical factor can be cal-
culated in the same manner as the above cases. The right-hand side of Eq. (76) corresponds to the
expansion in terms of p2, and we omit p2 = 0 in (˜) hereafter. We note that there are contribu-
tions to off-diagonal φ1φ2 terms. However, these contributions are negligibly small compared to the
diagonal terms, and we just ignore these contributions in this paper. The contributions to these coef-
ficients(˜) from each diagram are summarized in Tables B2, B3, B4, and B5. Thus the correction
to the Lagrangian is
δL1loop = (i)bulk(m; m)∂μφim∂μφim − ˜(i)bulk(m; m)φimφim
+ (i)bound(μ; m; m)∂μφim∂μφim − ˜(i)bound(μ; m; m)φimφim, (77)
where the s in the right-hand side are understood as the sum of the corresponding contributions
from all diagrams.
Then we consider the renormalization condition to obtain the one-loop corrections to KK masses
for φ1,2. Defining as a renormalization of fields φi →
√
Z (i)3 φi =
√
1 + δ(i)3 φi , these terms become
∂μφ1m∂
μφ1m + ∂μφ2m∂μφ2m − M2 φ1mφ1m − M2 φ2mφ2m
+ δ(1)3 ∂μφ1m∂μφ1m + δ(2)3 ∂μφ2m∂μφ2m − δ(1)3 M2 φ1mφ1m − δ(2)3 M2 φ2mφ2m, (78)
where we have taken up to the first order of δ(i)3 corresponding to counter terms. Thus the contribution
from the counter terms is
counter term(p2; m) = ip2δ(i)3 − iM2 δ(i)3 . (79)
Then we employ the renormalization condition at cut-off scale  as
(bulk(m; m) + δ(i)3 ) |M2max=2= 0 (80)
in the same way as in the four-dimensional component case, and the counter term δ(i)3 is determined
by the condition. Combining contributions from the one-loop diagrams and counter terms, we obtain
the one-loop corrections to kinetic and KK mass terms as
δL = δ(i)3 ∂μφim∂μφim − M2 δ(i)3 φimφim + δL1−loop. (81)
Therefore, normalizing the kinetic terms by
φim →
(
1 + bulk(m; m) + bound(μ; m; m) + δ(i)3
)− 12
φim, (82)
we obtain the one-loop corrections to KK mass
M˜2m = M2 + ˜bulk(m; m) + ˜bound(μ; m; m) − M2
[
bulk(m; m) + bound(μ; m; m)
]
≡ M2 + (δM2)φim, (83)
for each KK mode of φi , where we took the first order of  and δ in the right-hand side.
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3.3. Correction to KK masses of scalar boson
The one-loop diagrams corresponding to correction to KK masses of the Higgs boson are given in
Figs. 8–11, where corresponding quantum numbers {, m} are shown for each external and internal
line. Figures 8 and 9 show the gauge boson loops including both four-dimensional components and
extra-dimensional components from 4-point and 3-point gauge interactions. Figures 10 and 11 show
the fermion and the Higgs boson loop contributions, respectively. Quantum correction to the KK
masses of the scalar boson can be organized in the same way as that of φi such that
i(p2;μ; m; m′) = ibulk(p2; m; m′) + ibound(p2;μ; m; m′), (84)
ibulk(bound)(p2(p2;μ); m; m′) = p2ibulk(bound)(p2 = 0(p2 = 0;μ); m; m′)
− i˜bulk(bound)(p2 = 0(p2 = 0;μ); m; m′), (85)
where we list the contribution from each diagram in Tables B6 and B7. The right-hand side of Eq. (85)
corresponds to the expansion in terms of p2, as in the previous case, and we omit p2 = 0 in (˜)
Fig. 8. One-loop diagram for correction to KK masses of Higgs bosons with virtual gauge bosons including
extra components.
Fig. 9. One-loop diagram for correction to KK masses of Higgs bosons with virtual gauge bosons including
extra components.
Fig. 10. One-loop diagram for correction to KK masses of Higgs bosons with virtual fermions.
Fig. 11. One-loop diagram for correction to KK masses of Higgs bosons with virtual Higgs bosons.
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hereafter. Thus the correction to the Lagrangian is
δL1loop = (i)bulk(m; m)∂μH†m∂μHm − ˜(i)bulk(m; m)H†m Hm
+ (i)bound(μ; m; m)∂μH†m∂μHim − ˜(i)bound(μ; m; m)H†m Hm, (86)
where the(˜)s in the right-hand side are understood as the sum of the corresponding contributions
from all diagrams.
The renormalization condition and one-loop corrections to KK mass are also discussed as in the
case of φi . Repeating the same procedures as in the case of φi , we obtain counter terms
δH∂μH
†
m∂
μHm − M2 δH H†m Hm, (87)
by the renormalization of field H → √Z H H =
√
1 + δH . We then apply the renormalization
condition
(bulk(m; m) − δH ) |M2max=2= 0, (88)
at cut-off scale, requiring the canonical form of the kinetic term at the cut-off scale. Then we carry
out the normalization of fields,
Hm → (1 + bulk(m; m) + bound(μ; m; m) + δH )−
1
2 Hm, (89)
as in the above cases. Therefore we obtain the one-loop corrections to KK mass
M˜2m = M2 + ˜bulk(m; m) + ˜bound(μ; m; m) − M2
[
bulk(m; m) + bound(μ; m; m)
]
≡ M2 + (δM2)Hm, (90)
for each KK mode of teh scalar boson, where we have taken the first order in  and δ in the
right-hand side.
4. KK mass spectrum and LKP
In this section, we estimate the one-loop corrections to KK masses for the first KK modes of
SM fermions shown in Table 1, SM gauge bosons, and the Higgs boson. In estimating these cor-
rections, we take the renormalization scale μ and the external momentum p2 to be the first KK
mass μ2 = 2/R2 and p2 = −2/R2 respectively, and four-momentum cut-off scale  as a param-
eter. Then the angular momentum cut-off max is taken to be the maximum integer satisfying√
max(max + 1)/R ≤ . We specify the lightest KK particle, which is expected to be the dark
matter candidate.
To estimate the one-loop corrections to KK masses for SM fermions, we need to calculate coeffi-
cients(˜) in Eq. (58) from one-loop diagrams. For each fermion in Table 1, the coefficients(˜)
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obtain contributions from each diagram such that
(Q) = QGμFig.1 + 
QWμ
Fig.1 + 
Q Bμ
Fig.1 +
∑
i=1,2
[

QGi
Fig.1 + QWiFig.1 + Q BiFig.1
]
+ Q HFig.2 (91)
(U ) = U GμFig.1 + 
U Bμ
Fig.1 +
∑
i=1,2
[

U Gi
Fig.1 + U BiFig.1
]
+ U HFig.2 (92)
(D) = DGμFig.1 + 
DBμ
Fig.1 +
∑
i=1,2
[

DGi
Fig.1 + DBiFig.1
]
+ DHFig.2 (93)
(L) = LWμFig.1 + 
L Bμ
Fig.1 +
∑
i=1,2
[

LWi
Fig.1 + L BiFig.1
]
+ L HFig.2 (94)
(E) = E BμFig.1 +
∑
i=1,2
[

E Bi
Fig.1
]
+ E HFig.2, (95)
where the ˜s are given in the same way, and the terms on the right-hand side are the contributions
from the different loop diagrams with particles running in the loop shown as superscripts: the Gμ,
Wμ, and Bμ denote the SU(3), SU(2), and U(1)Y gauge fields respectively; the Gi , Wi , and Bi denote
corresponding extra-dimensional components φi ; and the H denotes the Higgs boson. Here we take
into account the contribution from the Higgs loop only for fermions in the third generation since the
Yukawa couplings for the first and the second generations are small. The contributions to each coeffi-
cient are obtained from Table A4, applying the corresponding gauge couplings g6a and (T a)2 factor
regarding the particles inside the loop: g6a=1,2,3 for U(1)Y , SU(2), and SU(3) gauge coupling; and
(T a)2 = {Y 2, C2(N ), C2(N )}, where C2(N ) = (N 2 − 1)/2N , for the fundamental representation.
We also note that each gauge coupling, Yukawa coupling and the Higgs self-coupling in six dimen-
sions {g6a, Yu,d,e, λ6} is related to that in four dimensions, as ga(yu,e,d) = g6a(Yu,d,e)/
√
4π R2 and
λ = λ6/(4π R2) since the factor 4π R2 comes from the surface area of S2 and the 1/
√
4π factor
comes from the mode functions for the zero mode.
The mass matrix for fermion Eq. (16) is corrected by quantum correction as
Lm f =
(
ψ¯ Fm
ψ¯
f
m
)T (
M + (δM)Fm mSM − 12mSMδNm;
mSM − 12mSMδNm; −(M + (δM)
f
m)
)(
ψ Fm
ψ
f
m
)
, (96)
where (δM) f (F)m is given by Eq. (65) and indices F( f ) show the corresponding fermion coming
from the SU(2) doublet(singlet). Here we write the one-loop correction to KK mass (δM) f (F)m as
a product of 1/R and the dimensionless numerical factor  f (F)m; which depends on {, m} and ,
such as
(δM) f (F)m =  f (F)m;
1
R
, (97)
and we list the numerical factor  f (F)m; in Table 2 for the first KK mode. The corrections to off-
diagonal components are induced by normalization of field Eq. (64) such that
δNm; = (Lbulk + Lbound)F (p2;μ; m; m) + δFL + (Rbulk + Rbound) f (p2;μ; m; m) + δ fR,
(98)
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Table 2. The numerical coefficients f (F)m in Eq. (97) for  = 1, |m| = 1
as a function of max, where bL(R) and tL(R) are the KK b quark and KK
top quark from the SU(2) doublet(singlet).
max 2 3 4 5

ER
11, 0.00232 0.00726 0.00650 0.0167

L L
11, 0.00635 0.0199 0.0178 0.0455

QL
11, 0.0418 0.110 0.126 0.242

UR
11, 0.0370 0.116 0.104 0.265

DR
11, 0.0362 0.113 0.101 0.259

bL
11, 0.0418 0.133 0.116 0.304

bR
11, 0.0345 0.113 0.100 0.261

tL
11, 0.0434 0.136 0.120 0.310

tR
11, 0.0362 0.118 0.103 0.272
b2
1 R 500 GeV
l 1, m 1
t1
t2
b1
QL
uR
dR
LL tL
ER tR
2 3 4 5700
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800
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R R
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l 1, m 1
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Fig. 12. The KK masses for the first KK modes at the one-loop level. The left panel shows the KK masses for
fermions and the right panel shows those of gauge bosons as functions of R. The angular momentum cut-off
max is taken as the maximum integer satisfying
√
max(max + 1)/R ≤ .
where we have taken the first order of {, δ}, and the values of δNm; are shown in Table 4 for the
first KK mode. We thus obtain the KK mass eigenvalues
m˜
f1
m =
1
2
[
(δM) fm − (δM)Fm + 2
√
M2 + m2SM
[
1 + M((δM)
f
m + (δM)Fm) − mSMδNm;
M2 + m2SM
]]
,
(99)
m˜
f2
m = −
1
2
[
(δM) fm − (δM)Fm − 2
√
M2 + m2SM
[
1 + M((δM)
f
m + (δM)Fm) − mSMδNm;
M2 + m2SM
]]
,
(100)
for each KK mode of fermions, where we have taken the first order of {δM, δN } in the right-hand
side. The one-loop corrections to masses of the first KKmodes for each fermion are shown in Table 5
and the left panel of Fig. 12.
To estimate the one-loop corrections to KK masses for four-dimensional gauge bosons, we need
to calculate the coefficients  in Eq. (68) from the one-loop diagrams. For each gauge boson, the
21/48
PTEP 2014, 083B04 N. Maru et al.
coefficients (˜) obtain contributions from each diagram such that
(Gμ) =
∑
f

f f
Fig.3 + H HFig.4 + HFig.5 + 
GμGμ
Fig.6 + 
Gμ
Fig.7
+
∑
i=1,2

GμGi
Fig.6 +
∑
i=1,2

Gi
Fig.7 +
∑
i, j=1,2

Gi G j
Fig.6 + cG cGFig.4 , (101)
(Wμ) =
∑
f

f f
Fig.3 + H HFig.4 + HFig.5 + 
WμWμ
Fig.6 + 
Wμ
Fig.7
+
∑
i=1,2

WμWi
Fig.6 +
∑
i=1,2

Wi
Fig.7 +
∑
i, j=1,2

Wi W j
Fig.6 + cW cWFig.4 , (102)
(Bμ) =
∑
f

f f
Fig.3 + H HFig.4 + HFig.5, (103)
where the ˜s are given in the same way, each term in the right-hand side gives the contributions from
different loop diagrams with particles running in the loop shown as superscript, and cG,W are ghost
fields corresponding to Gμ and Wμ respectively. The contributions to each coefficient are obtained
from Tables A5 and B1. For a U(1)Y gauge field Bμ and an SU(2) gauge field W 3μ, the mass matrix
at the one-loop level is given as
(
Bmμ
W 3mμ
)T ⎛⎝M2 + (δM2)Bm + 14 g21v2(1 + δN B) 14 g1g2v2
(
1 + 12δN W + 12δN B
)
1
4 g1g2v
2
(
1 + 12δN W + 12δN B
)
M2 + (δM2)Wm + 14 g21v2(1 + δN W )
⎞
⎠
×
(
Bμm
W 3μm
)
, (104)
where (δM2)Bm and (δM
2)Wm are given by Eq. (74) with coefficients (˜) of Eqs. (102) and (103)
for Bμ and W iμ respectively. Here we write (δM2)
Aμ
m as a product of 1/R
2 and a numerical factor as
in the fermion case, where Aμ = {Bμ, Wμ, Gμ} , such as
(δM2)Aμm = 
Aμ
m;
1
R2
, (105)
and we list the numerical factors 
Aμ
m; in Table 3 for the first KK mode. The correction to non-
diagonal elements is induced by renormalization of field Eq. (73) such that
δN Wμ,Bμm; = bulk(W, B)(p2; m; m) + bound(W, B)(p2;μ; m; m) − δ3(W, B), (106)
where we have taken up to the first order in , and the values of δN W,B are shown in Table 4 for the
first KK mode. Diagonalizing the mass matrix, we obtain the KK masses of KK-photon and KK-Z
boson at one-loop level such that
m˜2
γ μ
 M2 +
1
2
m2Z +
1
2
[
(δM2)Bm + (δM2)Wm − (m2Z − m2W )δN B
μ
m; − m2W δN W
μ
m;
]
− 1
2
√
((δM2)Bm − (δM2)Wm)2 + m4Z , (107)
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Table 3. The numerical coefficients 
Aμ,φ1
m in Eqs. (105) and (115) for
 = 1, |m| = 1 as a function of max.
max 2 3 4 5

Bμ
11, −0.0467 −0.141 −0.637 −1.128

Wμ
11, 0.100 0.677 0.758 2.57

Gμ
11, 0.513 3.23 4.52 13.6

B1
11, 0.120 0.453 1.36 2.86

W1
11, 0.118 1.89 2.38 10.2

G1
11, 0.283 8.98 8.65 46.6
H11, −0.0064 −0.0167 −0.0362 −0.0269
Table 4. The numerical coefficients δNψ,A,φ1,Hm; in Eqs. (98), (106), (116), and
(123) for  = 1, |m| = 1 as a function of max. Here the coefficients of only the third
generation of fermions are shown.
max 2 3 4 5
δN τ11; 0.00237 0.00223 0.00400 0.00274
δN b11; 0.0229 0.0276 0.0397 0.0356
δN t11; 0.0244 0.0301 0.0432 0.0404
δN Bμ11; −0.0036 −0.0098 −0.0154 −0.0250
δN Wμ11; −0.0014 −0.0067 −0.0129 −0.0240
δN B111; −0.00267 −0.000777 −0.00622 −0.000748
δN W111; −0.00532 −0.00152 −0.0124 −0.00149
δN H11; −0.00364 −0.00662 −0.0151 −0.0232
m˜2Zμ
 M2 +
1
2
m2Z +
1
2
[
(δM2)Bm + (δM2)Wm − (m2Z − m2W )δN B
μ
m; − m2W δN W
μ
m;
]
+ 1
2
√
((δM2)Bm − (δM2)Wm)2 + m4Z , (108)
where we ignored terms proportional to δN B,WG in the square root in the second line of the right-hand
side for both equations due to the smallness of the factor. For the KK modes of the W± bosons and
gluon, the one-loop corrections to the KK masses are
(m˜
W±μ
 )
2 = M2 + m2W + (δM2)Wm + m2W δN W
μ
m;, (109)
(m˜G )
2 = M2 + (δM2)Gm, (110)
where (δM2)Gm is given by Eq. (74) with coefficients Eq. (101). The corrected masses of the first
KK modes for each gauge boson are shown in Table 5 and the right panel of Fig. 12.
To estimate the one-loop corrections to the KKmasses for physical extra-dimensional components
of gauge fields φ1, we need to calculate the coefficients (˜) in Eq. (77) from one-loop diagrams.
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Table 5. The one-loop correction to the masses of the first KK modes
( = 1, |m| = 1) for each cut-off scale where max = 2, 3, 4, 5 are taken
as reference values. Here we have taken the inverse of the S2/Z2 radius
as 1/R = 500GeV, where the tree-level first KK mass corresponds to√
2/R  707GeV.
max 2 3 4 5
m˜11(ER) (GeV) 708.3 710.7 710.4 715.4
m˜11(L L) (GeV) 710.3 717.1 716.0 729.9
m˜11(τ1) (GeV) 708.3 710.7 710.4 715.4
m˜11(τ2) (GeV) 710.3 717.1 716.0 729.9
m˜11(dR) (GeV) 725.2 763.8.4 757.8 836.8
m˜11(u R) (GeV) 725.6 765.0 758.9 839.6
m˜11(QL) (GeV) 728.0 762.1 770.1 827.9
m˜11(b1) (GeV) 724.4 763.6 756.9 837.7
m˜11(b2) (GeV) 728.0 773.9 765.2 859.3
m˜11(t1) (GeV) 745.2 785.0 777.4 860.1
m˜11(t2) (GeV) 748.9 794.0 786.1 879.2
m˜11(γ ) (GeV) 701.4 684.7 587.2 428.4
m˜11(Z) (GeV) 727.7 820.7 833.0 1071.
m˜11(W ) (GeV) 729.0 822.1 834.2 1072.
m˜11(G) (GeV) 792.8 1144. 1276. 1973.
m˜11(γ1) (GeV) 727.9 785.7 919.0 1105.
m˜11(Z1) (GeV) 733.6 988.9 1049. 1746.
m˜11(W1) (GeV) 732.3 990.0 1050. 1746.
m˜11(G1) (GeV) 755.4 1656. 1632. 3485.
m˜11(H) (GeV) 717.1 715.3 711.7 713.3
For each gauge boson, the coefficients (˜) obtain contributions from each diagram such that
(G1) =
∑
f

(1) f f
Fig.3 + (1)H HFig.4 + (1)HFig.5 + 
(1)GμGμ
Fig.6 + 
(1)Gμ
Fig.7
+
∑
a=1,2

(1)GμGa
Fig.6 +
∑
a=1,2

(1)Ga
Fig.7 +
∑
a,b=1,2

(1)Ga Gb
Fig.6 + (1)cGcGFig.4 , (111)
(W1) =
∑
f

(1) f f
Fig.3 + (1)H HFig.4 + (1)HFig.5 + 
(1)WμWμ
Fig.6 + 
(1)Wμ
Fig.7
+
∑
a=1,2

(1)WμWa
Fig.6 +
∑
a=1,2

(1)Wa
Fig.7 +
∑
a,b=1,2

(1)Wa Wb
Fig.6 + (1)cW cWFig.4 , (112)
(B1) =
∑
f

(1) f f
Fig.3 + (1)H HFig.4 + (1)HFig.5, (113)
where the ˜s are given in the same way, and each term in the right-hand side gives the contributions
from different loop diagrams with particles running in the loop shown as superscript. The contribu-
tions to each coefficient are obtained from Tables B2 and B3. The one-loop corrections to KKmasses
for φ1 are obtained similarly to the four-dimensional case. For B1 and W 31 , the corrected mass matrix
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is given as
(
B1m
W 31m
)T ⎛⎝M2 + (δM2)B1m + 14 g21v2(1 + δN B1m;) 14 g1g2v2
(
1 + 12δN W1m; + 12δN B1m;
)
1
4 g1g2v
2
(
1 + 12δN W1m; + 12δN B1m;
)
M2 + (δM2)W1m + 14 g21v2
(
1 + δN W1m;
)
⎞
⎠
×
(
B1m
W 31m
)
, (114)
where M˜2B1m and M˜
2
W1m are given by Eq. (83) with coefficients in Eqs. (112) and (113)
for Bi and Wi respectively. Here we write (δM2)φ1m in the same form as Eq. (105), where
φ1 = {B1, W1, G1}, as
(δM2)φ1m = φ1m
1
R2
, (115)
and we list the numerical factorφ1m in Table 2 for the first KK mode. The correction to off-diagonal
elements is induced by the renormalization of field Eq. (82) such that
δN W1,B1m; = −bulk(W, B)(m; m) − bound(W, B)(μ; m; m) − δ(1)3 (W, B), (116)
where we have taken up to the first order of(˜), and the values of δN W1,B1m; are shown in Table 4 for
the first KK mode. Diagonalizing the mass matrix, we obtain the one-loop corrections to KK masses
of extra-dimensional components KK-photon and KK-Z boson such that
m˜2
γ 1
 M2 +
1
2
m2Z +
1
2
[
(δM2)B1m + (δM2)W1m − (m2Z − m2W )δN B1m; − m2W δN W1m;
]
− 1
2
√
((δM2)B1m − (δM2)Wm)2 + m4Z , (117)
m˜2Z1
 M2 +
1
2
m2Z +
1
2
[
(δM2)B1m + (δM2)W1m − (m2Z − m2W )δN B1m; − m2W δN W1m;
]
+ 1
2
√
((δM2)B1m − (δM2)W1m )2 + m4Z , (118)
where we ignored the terms proportional to δN B,Wφ in the square root in the second line of the right-
hand side for both equations due to the smallness of the factor. For the KK modes of the W± bosons
and gluon, the one-loop corrections to KK masses are
(m˜
W±1
 )
2 = M2 + m2W + (δM2)W1m + m2W δN W1m;, (119)
(m˜
G1
 )
2 = M2 + (δM2)G1m, (120)
where (δM2)G1m is given by Eq. (83) with coefficients in Eq. (111). The one-loop corrections to the
masses of the first KK modes for each φ1 are shown in Table 5 and the right panel of Fig. 12.
To estimate the one-loop corrections to KK masses for the SM Higgs boson, we need to cal-
culate the coefficients (˜) in Eq. (86) from one-loop diagrams. The coefficients (˜) obtain
contributions from each diagram such that
(H) =
∑
f

f f
Fig.10 + HFig.11 + 
WμH
Fig.8 + 
BμH
Fig.8 + 
Wμ
Fig.9 + 
Bμ
Fig.9
+
∑
i

Wi
Fig.9 +
∑
i

Bi
Fig.9 +
∑
i

Wi H
Fig.8 +
∑
i

Bi H
Fig.8, (121)
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where ˜ is given in the same way, and each term in the right-hand side gives the contributions from
different loop diagramswith particles propagating inside the loop shown as superscript. The one-loop
corrections to KK masses for the KK Higgs boson are also obtained in a similar way such that
(m˜ H )
2 = M2 + m2h + (δM2)Hm + m2hδN Hm;, (122)
where the fourth term on the right-hand side is induced by normalization of field Eq. (89) such that
δN Hm; = −bulk(m; m) − bound(μ; m; m) − δH3 , (123)
taking up to the first order of , and the values of δN H are shown in Table 4. The (δM2)Hm is also
written as Eq. (105) such that
(δM2)Hm = Hm;
1
R2
, (124)
and we list the numerical factor Hm; in Table 2. Also, the one-loop corrections to the masses of
the first KK modes for Higgs bosons are shown in Table 5 and the right panel of Fig. 12.
Table 5 shows the one-loop corrections to the KK mass of the first KK modes  = 1, |m| = 1 for
each SM particle where we take the cut-off max = 2, 3, 4, 5 as a reference value. From the table we
can see that the first KK photon has the lightest KKmass for any cut-off scale. The first KK photon is
thus a promising candidate of the dark matter in the model. The smallest correction to the KK photon
mass is due to the negative contributions from fermion loops while the non-Abelian gauge bosons
obtain large contributions from the loops associated with self-interactions. We also find that negative
contributions from fermion loops to the KK masses of φ1 tend to be less effective compared with
the case of four-dimensional components, and the one-loop corrections to the KK masses become
larger than those of four-dimensional components. We show the cut-off scale dependence of the
first KK masses in Fig. 12, where we ignored the SM masses of e, μ, u, d, s, c and write ER , L ,
u R , dR , QL for the SU(2) singlet charged lepton, doublet lepton, singlet quarks, and doublet quarks
respectively. We also note that zig-zag-shaped lines appear in Fig. 12 where the discontinuity of the
plot corresponds to an increase of max at R =
√
max(max + 1) and the corrected masses tend
to be small for even max compared to odd. This tendency is due to the sign factor of (−1){,m}
which appears from propagator and vertices on S2/Z2 and gives a different sign contribution from
each KK mode in the loops, as mentioned below Eq. (57). Since the number of negative and positive
sign contributions is different for the even or odd max cases, the corrected mass depends on max
differently for the even or odd cases. The quantum corrections tend to be large for the large cut-
off scale since the six-dimensional loop expansion parameter  = g2a32π2 (R)2 becomes large. This
indicates that the perturbation is not reliable and we cannot take a large cut-off scale, which is a
generic feature of non-renormalizable theories.
5. Summary and discussions
We have investigated the quantum correction of Kaluza–Klein masses in the S2/Z2 universal extra-
dimensional model in order to determine the lightest KK particle which would be the dark matter
candidate.
We first derived the Feynman rules for propagators and vertices on the six-dimensional spacetime
M4 × S2/Z2. We then calculated the one-loop diagrams relevant to one-loop corrections to the KK
masses with the Feynman rules. The contributions from the one-loop diagrams can be separated into
the bulk contribution conserving KK number m and the boundary contribution violating KK number
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conservation, which is a similar structure to the minimal UED case. In calculating these diagrams, we
introduced the cut-off for both 4-momentum integration and angular momentum sum inside a loop by
defining the 4-momentum cut-off scale and the angular momentum number cut-off max. Thus the
bulk contribution is estimated with cut-off scale as an upper bound of momentum integration while
the boundary contribution is estimated by taking the leading log-divergent part assuming vanishing
contribution at the cut-off scale. The contributions from the one-loop diagrams are then organized
in the form of Eqs. (58), (68), (77), and (86) for fermions, gauge bosons, extra-dimensional compo-
nents gauge bosons, and scalar bosons respectively, and the explicit forms of the contributions are
summarized in Tables A4, A5, B1, B2, B3, B5, B6, and B7. Taking into account the renormalization
conditions, we finally obtained the formulas to derive the corrected KK masses as Eqs. (65), (74),
(83), and (90) for fermions, gauge bosons, extra dimensional components gauge bosons, and scalar
bosons respectively.
Finally we estimated the corrected KK masses of the first KK mode ( = 1, |m| = 1) for each SM
particle, applying the formulas in Sect. 3. The resulting corrected masses, taking 1/R = 500GeV
as a reference value, are summarized in Table 5 for each cut-off. We then found that the lightest
KK particle is the first KK photon γ 11μ as in the minimal UED case, and it can be identified as a
promising DM candidate. We have also shown numerical plots of the one-loop correction to the first
KK modes as a function of cut-off scale  in Fig. 12. We have found that the corrected masses tend
to be small for even max compared to odd ones due to the sign factor (−1){,m} which appears in
the loop diagram calculation. The quantum correction tends to be large for higher cut-off since the
number of modes inside a loop becomes very large, which indicates that we cannot take the cut-off
scale too large.
It would be very interesting to study the relic density of the dark matter candidate, γ 11μ , with the
corrected mass spectrum, which will give constraints for the S2/Z2 radius R and the cut-off scale
. Furthermore, the one-loop corrections to the mass spectrum would lead to a prediction of the
experimental signature of our model, and the analysis is left for future work.
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Appendix A. Summary lists of vertices in our model
Here we summarize the Feynman rules for vertices in our model. The vertices including fermions
are derived from gauge interactions and Yukawa interactions∫
dx4dg6a	¯±
M T ai A
i
M	±, (A1)∫
dx4dY f 	¯±H	∓, (A2)
where Aθ,φ in Eqs. (20) and (21) are substituted. The Feynman rules for these vertices are listed
in Table A1, where the non-trivial factors in these vertices are given by integrations of the mode
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Table A1. The vertex factors for interactions including fermions where Y f = Yu,d,e.
Interaction Vertex factor
	±1m1 Aμ2m2	±3m3 i
g6a
R T
aγ μ
[
I α1m1;2m2;3m3 PR(L) + I
β
1m1;2m2;3m3 PL(R)
]
	±1m1φ12m2	±3m3 i
g6a
R T
aγ5
[
Cα1m1;2m2;3m3 PL(R) + C
β
1m1;2m2;3m3 PR(L)
]
	±1m1φ22m2	±3m3 i
g6a
R T
aγ5
[
iCα1m1;2m2;3m3 PL(R) − iC
β
1m1;2m2;3m3 PR(L)
]
	∓1m1 H2m2	±3m3 i
Y f
R
[
I α1m1;2m2;3m3 PR(L) + I
β
1m1;2m2;3m3 PL(R)
]
Table A2. The vertex factors for interactions including Higgs bosons.
Interaction Vertex factor
H †1m1(p1)Aμ2m2 H3m3(p2) i
g6a
R T
a(pμ1 + pμ2 )J 11m1;2m2;3m3
H †1m1(p1)φ12m2 H3m3(p2) − g6aR T a
[
J 21m1;2m2;3m3 − J 23m3;2m2;1m1
]
H †1m1(p1)φ22m2 H3m3(p2) − g6aR T a
[
J 31m1;2m2;3m3 − J 33m3;2m2;1m1
]
Aμ1m1 A
ν
2m2
H †3m3 H4m4 2i
g26a
R2 T
a
i T
a
j gμν K
1
1m1;2m2;3m3;4m4
φ1(2)1m1φ1(2)2m2 H
†
3m3
H4m4 −2i g
2
6a
R2 T
a
i T
a
j K
2
1m1;2m2;3m3;4m4
H1m1 H2m2 H3m3 H4m4 −i λ6R2 gμν K 11m1;2m2;3m3;4m4
function as Eq. (46) for I α(β), and
Cα1m1;2m2;3m3 =
∫
dα˜∗1m1
(
∂θ − i
sin θ
∂φ
)
Y˜2m2 β˜3m3, (A3)
Cβ1m1;2m2;3m3 = −
∫
dβ˜∗1m1
(
∂θ + i
sin θ
∂φ
)
Y˜2m2 α˜3m3 . (A4)
The vertices for self-interactions of gauge boson are derived from the terms in the Lagrangian
∫
dx4d
[
−1
4
Fiμν F
iμν + 1
2R2
FiθμF
iμ
θ +
1
2R2 sin2 θ
FiφμF
iμ
φ −
1
2R4 sin2 θ
Fiθφ F
i
θφ
]
, (A5)
where i is the index of the gauge group. The first term of Eq. (A5) in the bracket is expanded as
−1
4
Fiμν F
iμν = −1
4
(∂μ Aiν − ∂ν Aiμ)(∂μ Aiν − ∂ν Aiμ)
− g f i jk∂μ Aiν A jμ Akν −
1
4
g2 f i jm f klm Aiμ A jν Akμ Alν, (A6)
where the second line of the right-hand side gives the three- and four-point self-interaction of the
gauge boson summarized in Table A3. The second and the third terms of Eq. (A5) give interactions
28/48
PTEP 2014, 083B04 N. Maru et al.
between Aμ and Aθ,φ . By substituting Aθ,φ of Eqs. (20) and (21), we obtain the interaction terms
1
2R2
FiθμF
iμ
θ +
1
2R2 sin2 θ
FiφμF
iμ
φ ⊃
g6a
R2
f i jk
[
1
sin θ
(∂φ Aiμ∂θφ
j
1 A
kμ − ∂θ Aiμ∂φφ j1 Akμ)
+ ∂θ Aiμ∂θφ j2 Akμ +
1
sin2 θ
∂φ Aiμ∂φφ
j
2 A
kμ − ∂θ∂μφi1∂θφ j1 Akμ −
1
sin2 θ
∂φ∂μφ
i
1∂φφ
j
1 A
kμ
− ∂θ∂μφi2∂θφ j2 Akμ −
1
sin2 θ
∂φ∂μφ
i
2∂φφ
j
2 A
kμ − 1
sin θ
(∂θ∂μφ
i
1∂φφ
j
2 A
kμ + ∂φ∂μφi2∂θφ j1 Akμ
− ∂θ∂μφi2∂φφ j1 Akμ − ∂φ∂μφi1∂θφ j2 Akμ)
]
+ g
2
6a
2R2
f i jm f klm
[
∂θφ
i
1∂θφ
k
1 A
j
μ A
lμ
+ 1
sin2 θ
∂φφ
i
1∂φφ
k
1 A
j
μ A
lμ + ∂θφi2∂θφk2 A jμ Alμ +
1
sin2 θ
∂φφ
i
2∂φφ
k
2 A
j
μ A
lμ
+ 1
sin θ
(∂θφ
i
1∂φφ
k
2 A
j
μ A
lμ + ∂φφi2∂θφk1 A jμ Alμ − ∂θφi2∂φφk1 A jμ Alμ − ∂φφi1∂θφk2 A jμ Alμ)
]
, (A7)
providing vertex factors from the third line to the seventh line in Table A3. The last term of Eq. (A5)
gives interactions between the φi s after substituting Aθ,φ from Eqs. (20) and (21) such that
− 1
2R4 sin2 θ
Fiθφ F
i
θφ ⊃
g6a
R4
f i jk
[
(Lˆ2φi1)
(
∂θφ
j
2∂θφ
k
1 −
1
sin2 θ
∂φφ
j
1∂φφ
k
2
)
+ 1
sin θ
(Lˆ2φi1)∂θφ
j
2∂φφ
k
2 −
1
sin θ
(Lˆ2φi1)∂φφ
j
1∂θφ
k
1
]
− g
2
6a
2R4
f i jm f klm
[
1
sin2 θ
∂φφ
i
1∂θφ
j
1∂φφ
k
1∂θφ
l
1 +
1
sin2 θ
∂θφ
i
2∂φφ
j
2∂θφ
k
2∂φφ
l
2
− 1
sin θ
∂θφ
i
2∂θφ
j
1∂φφ
k
1∂θφ
l
1 −
1
sin θ
∂φφ
i
1∂θφ
j
1∂θφ
k
2∂θφ
l
1 +
1
sin3 θ
∂φφ
i
1∂θφ
j
1∂φφ
k
1∂φφ
l
2
+ 1
sin3 θ
∂φφ
i
1∂φφ
j
2∂φφ
k
1∂θφ
l
1 +
1
sin θ
∂θφ
i
2∂θφ
j
1∂θφ
k
2∂φφ
l
2 +
1
sin θ
∂θφ
i
2∂φφ
j
2∂θφ
k
2∂θφ
l
1
− 1
sin3 θ
∂θφ
i
2∂φφ
j
2∂φφ
k
1∂φφ
l
2 −
1
sin3 θ
∂φφ
i
1∂φφ
j
2∂θφ
k
2∂φφ
l
2 + ∂θφi2∂θφ j1∂θφk2∂θφl1
+ 1
sin4 θ
∂φφ
i
1∂φφ
j
2∂φφ
k
1∂φφ
l
2 −
1
sin2 θ
∂θφ
i
2∂θφ
j
1∂φφ
k
1∂φφ
l
2 −
1
sin2 θ
∂θφ
i
2∂φφ
j
2∂φφ
k
1∂θφ
l
1
− 1
sin2 θ
∂φφ
i
1∂θφ
j
1∂θφ
k
2∂φφ
l
2 −
1
sin2 θ
∂φφ
i
1∂φφ
j
2∂θφ
k
2∂θφ
l
1
]
, (A8)
providing vertex factors from the eighth line to the thirteenth line in Table A3. The vertex factor
associated with the ghost fields ci is also obtained from the gauge–ghost interaction in Eq. (8), and
it is summarized in both the fourteenth and the fifteenth vertex factors in Table A3. The non-trivial
coefficients appearing in the vertex factors in Table A3 are given by integration of spherical harmon-
ics and their derivative with respect to the extra spatial coordinates. For three-point vertices, these
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Table A3. The vertex factors for self-interactions of gauge bosons including extra-dimensional components.
Interaction Vertex factor
Aiμ1m1(k)A
jν
2m2
(p)Akρ3m3(q)
g6a
R f i jka [gμν(k − p)ρ + gνρ(p − q)μ + gρμ(q − k)ν] J 11m1;2m2;3m3
Aiμ1m1 A
jν
2m2
Akρ3m3 A
lσ
4m4
−i g26aR2 [ f i jma f klm(gμρgνσ − gμσ gνρ) + f ikm f jlm(gμνgρσ − gμσ gνρ)
+ f ilm f jkm(gμνgρσ − gμρgνσ )]K 11m1;2m2;3m3;4m4
Aiμ1m1 A
jν
2m2
φk13m3 −i g6aR2 f i jk gμν J 41m1;2m2;3m3
Aiμ1m1 A
jν
2m2
φk23m3 −i g6aR2 f i jk gμν J 51m1;2m2;3m3
φi1(2)1m1(p)φ
j
1(2)2m2(q)A
kμ
3m3
g6a
R f i jk(q − p)μ J 61m1;2m2;3m3
φi11m1(p)φ
j
22m2(q)A
kμ
3m3
g6a
R f i jk(q − p)μ J 71m1;2m2;3m3
φi11m1(p)φ
j
22m2(q)A
kμ
3m3
Alν4m4 i
g26a
R2 g
μν( f ikm f jlm + f ilm f jkm)K 31m1;2m2;3m3;4m4
φi11m1(p)φ
j
12m2(q)φ
k
23m3 −i g6aR2 f i jk J 81m1;2m2;3m3
φi21m1(p)φ
j
22m2(q)φ
k
13m3 i
g6a
R2 f i jk J 91m1;2m2;3m3
φi11m1φ
j
12m2φ
k
13m3 −i g6aR2 f i jk J 101m1;2m2;3m3
φi1(2)1m1φ
j
1(2)2m2φ
k
1(2)3m3φ
l
1(2)4m4 −i
g26a
R2
[
( f i jm f klm + f k jm f ilm)K 41m1;2m2;3m3;4m4
−( f i jm f klm + f ikm f jlm)K 42m2;1m1;3m3;4m4
+( f ikm f jlm − f k jm f ilm)K 41m1;3m3;2m2;4m4
]
φi1(2)1m1φ
j
2(1)2m2φ
k
2(1)3m3φ
l
2(1)4m4 ±i
g26a
R2
[
( f i jm f klm + f ikm f jlm)K 51m1;2m2;3m3;4m4
−( f i jm f klm − f ilm f jkm)K 51m1;2m2;4m4;3m3
−( f ilm f jkm + f ikm f jlm)K 51m1;4m4;3m3;2m2
]
φi11m1φ
j
12m2φ
k
23m3φ
l
24m4 i
g26a
R2
[
( f ikm f jlm + f jkm f ilm)K 61m1;2m2;3m3;4m4
+( f i jm f klm − f ilm f jkm)K 42m2;1m1;3m3;4m4
−( f i jm f klm + f ikm f jlm)K 41m1;2m2;3m3;4m4
]
ci1m1(p)A
jμ
2m2
ck3m3 − g6aR f i jk pμ J 11m1;2m2;3m3
ci1m1(p)φ
j
22m2 c
k
3m3
g6a
R2 ξ f i jk J 111m1;2m2;3m3
coefficients are given by
J 11m1;2m2;3m3 =
∫
dY1m1Y2m2Y3m3, (A9)
J 21m1;2m2;3m3 =
∫
d
1
sin θ
[
−∂θY1m1∂φ Y˜2m2Y3m3 + ∂φY1m1∂θ Y˜2m2Y3m3
]
, (A10)
J 31m1;2m2;3m3 =
∫
d
[
∂θY1m1∂θ Y˜2m2Y3m3 +
1
sin2 θ
∂φY1m1∂φ Y˜2m2Y3m3
]
, (A11)
J 41m1;2m2;3m3 =
∫
d
1
sin θ
[
(∂φY1m1Y2m2 − Y1m1∂φY2m2)∂θ Y˜3m3
− (∂θY1m1Y2m2 − Y1m1∂φY2m2)∂φ Y˜3m3
]
, (A12)
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J 51m1;2m2;3m3 =
∫
d
[
(∂θY1m1Y2m2 − Y1m1∂θY2m2)∂θ Y˜3m3
+ 1
sin2 θ
(∂φY1m1Y2m2 − Y1m1∂φY2m2)∂φ Y˜3m3
]
, (A13)
J 61m1;2m2;3m3 =
∫
d
[
∂θ Y˜1m1∂θ Y˜2m2 +
1
sin2 θ
∂φ Y˜1m1∂φ Y˜2m2
]
Y3m3, (A14)
J 71m1;2m2;3m3 =
∫
d
1
sin θ
[
∂θ Y˜1m1∂φ Y˜2m2 − ∂φ Y˜1m1∂θ Y˜2m2
]
Y3m3, (A15)
J 81m1;2m2;3m3 =
∫
d
[
Lˆ2Y˜1m1
(
∂θ Y˜2m2∂θ Y˜3m3 +
1
sin2 θ
∂φ Y˜2m2∂φ Y˜3m3
)
− Lˆ2Y˜2m2
(
∂θ Y˜1m1∂θ Y˜3m3 +
1
sin2 θ
∂φ Y˜1m1∂φ Y˜3m3
)]
, (A16)
J 91m1;2m2;3m3 =
∫
d
1
sin θ
[
∂θ Y˜1m1∂φ Y˜2m2 − ∂φ Y˜1m1∂θ Y˜2m2
]
Lˆ2Y˜3m3, (A17)
J 101m1;2m2;3m3 =
∫
d
1
sin θ
[
Lˆ2Y˜1m1
(
∂φ Y˜2m2∂θ Y˜3m3 − ∂θ Y˜2m2∂φ Y˜3m3
)
+ Lˆ2Y˜2m2
(
∂θ Y˜1m1∂φ Y˜3m3 − ∂φ Y˜1m1∂θ Y˜3m3
)
+ Lˆ2Y˜3m3
(
∂φ Y˜1m1∂θ Y˜2m2 − ∂θ Y˜1m1∂φ Y˜2m2
)]
, (A18)
J 111m1;2m2;3m3 =
∫
dY1m1 Lˆ2Y2m2Y3m3, (A19)
where we adopt the convention that we put an underline for indices m of Y ∗m . The coefficients for
four-point vertices are also given by
K 11m1;2m2;3m3;4m4 =
∫
dY1m1Y2m2Y3m3Y4m4, (A20)
K 21m1;2m2;3m3;4m4 =
∫
d
[
∂θ Y˜1m1∂θ Y˜2m2 +
1
sin2 θ
∂φ Y˜1m1∂φ Y˜2m2
]
Y3m3Y4m4, (A21)
K 31m1;2m2;3m3;4m4 =
∫
d
1
sin θ
[
∂θ Y˜1m1∂φ Y˜2m2 − ∂φ Y˜1m1∂θ Y˜2m2
]
Y3m3Y4m4, (A22)
K 41m1;2m2;3m3;4m4 =
∫
d
1
sin2 θ
(
∂φ Y˜1m1∂θ Y˜2m2∂φ Y˜3m3∂θ Y˜4m4
+ ∂θ Y˜1m1∂φ Y˜2m2∂θ Y˜3m3∂φ Y˜4m4
)
, (A23)
K 51m1;2m2;3m3;4m4 =
∫
d
1
sin θ
(
∂θ Y˜1m1∂θ Y˜2m2∂θ Y˜3m3∂φ Y˜4m4
− 1
sin2 θ
∂φ Y˜1m1∂φ Y˜2m2∂φ Y˜3m3∂θ Y˜4m4
)
, (A24)
K 61m1;2m2;3m3;4m4 = −
∫
d
(
∂θ Y˜1m1∂θ Y˜2m2∂θ Y˜3m3∂θ Y˜4m4
+ 1
sin4 θ
∂φ Y˜1m1∂φ Y˜2m2∂φ Y˜3m3∂φ Y˜4m4
)
. (A25)
31/48
PTEP 2014, 083B04 N. Maru et al.
Table A4. The one-loop contributions for correction to KK masses of fermions. The summation symbols
{∑max1=0,∑max2=0,∑1m1=−1} and the overall factor (Ta)2g26a/64π2 R2((Yu,d,e)2/64π2 R2) for the fermion(Higgs)
loop are omitted for all contributions in the third column. Also, the ln(2/μ2) factor is omitted for boundary
contributions in the third column. The subscripts f Aμ etc. show the propagating particles inside the loop.
Diagram Coefficients
Fig. 1 
f Aμ,R(L)
bulk
∫ 1
0
dα
∫ 2
0
2αxdx
[x + ]2 (−1)
m1+m I α(β)1m1;2m1−m;′m I
α(β)
m;2m−m1;1m1
˜
f Aμ,R(L)
bulk
∫ 1
0
dα
∫ 2
0
4xdx
[x + ]2 (−1)
m1+m M1 I
β(α)
1m1;2m1−m;′m I
α(β)
m;2m−m1;1m1

f Aμ,R(L)
bound (−1)m1+m+2 I α(β)1m1;2−m1+m;′2m1−m I
α(β)
m;2m−m1;1m1
˜
f Aμ,R(L)
bound (−1)m1+m+2 4M1 I β(α)1m1;2−m1+m;′2m1−m I
α(β)
m;2m−m1;1m1
Fig. 1  f φ1,R(L)bulk −
∫ 1
0
dα
∫ 2
0
αxdx
[x + ]2 (−1)
m1+mCα(β)1m1;2m1−m;′mC
β(α)
m;2m−m1;1m1
˜
f φ1,R(L)
bulk
∫ 1
0
dα
∫ 2
0
xdx
[x + ]2 (−1)
m1+m M1 C
β(α)
1m1;2m1−m;′mC
β(α)
m;2m−m1;1m1

f φ1,R(L)
bound −(−1)m1+m+2
1
2
Cα(β)1m1;2−m1+m;′2m1−mC
β(α)
m;2m−m1;1m1
˜
f φ1,R(L)
bound (−1)m1+m+2 M1 Cβ(α)1m1;2−m1+m;′2m1−mC
β(α)
m;2m−m1;1m1
Fig. 1  f φ2,R(L)bulk −
∫ 1
0
dα
∫ 2
0
αxdx
[x + ]2 (−1)
m1+mCα(β)1m1;2m1−m;′mC
β(α)
m;2m−m1;1m1
˜
f φ2,R(L)
bulk −
∫ 1
0
dα
∫ 2
0
xdx
[x + ]2 (−1)
m1+m M1 C
β(α)
1m1;2m1−m;′mC
β(α)
m;2m−m1;1m1

f φ2,R(L)
bound −(−1)m1+m+2
1
2
Cα(β)1m1;2−m1+m;′2m1−mC
β(α)
m;2m−m1;1m1
˜
f φ2,R(L)
bound −(−1)m1+m+2 M1 Cβ(α)1m1;2−m1+m;′2m1−mC
β(α)
m;2m−m1;1m1
Fig. 2 H,R(L)bulk
∫ 1
0
dα
∫ 2
0
αxdx
[x + ]2 (−1)
m1+m I β(α)1m1;2m1−m;′m I
β(α)
m;2m−m1;1m1
˜
f H,R(L)
bulk
∫ 1
0
dα
∫ 2
0
xdx
[x + ]2 (−1)
m1+m M1 I
α(β)
1m1;2m1−m;′m I
β(α)
m;2m−m1;1m1

f H,R(L)
bound (−1)m1+m+2
1
2
I β(α)1m1;2−m1+m;′2m1−m I
β(α)
m;2m−m1;1m1
˜
f H,R(L)
bound (−1)m1+m+2 M1 I α(β)1m1;2−m1+m;′2m1−m I
β(α)
m;2m−m1;1m1
The vertices including the Higgs field are derived from the interactions
∫
dx4d
[
(DM H)†(DM H) − μ2 H† H − λ64 (H
† H)2
]
, (A26)
which has the same structure as in the SM. The Feynman rules of these interactions are listed in
Table A2, where the non-trivial coefficients in the vertex factors have already been given above.
Appendix B. One-loop calculations
Here we list the one-loop corrections to the KK masses for fermions, gauge bosons, and a Higgs
boson.
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Table A5. The contributions from fermion and Higgs boson loops for correction to the KK masses of the
gauge boson. The summation symbols and the log divergence are omitted, as in Table A4. The overall factor
T r [T ai T aj ]g26a/64π2 R2 is also omitted for each expression. A coefficient providing zero contribution is omitted.
Diagram Coefficients
Fig. 3  f fbulk −
∫ 1
0
dα
∫ 2
0
xdx
[x + ]2 (−1)
m4α(1 − α)(δm,m ′ + (−1)′δ−m,m ′)×
[I α1m1;′m;2m1−m I α2m1−m;−m;1m1 + I
β
1m1;′,m;2m1−m I
β
2m1−m;−m;1m1 ]
˜
f f
bulk −
∫ 1
0
dα
∫ 2
0
xdx
[x + ]2 (−1)
m
[
(x − 2α(1 − α)p2)(δm,m ′ + (−1)′δ−m,m ′)×[
I α1m1;′m;2m1−m I
α
2m1−m;−m;1m1 + I
β
1m1;′m;2m1−m I
β
2m1−m;−m;1m1
]
+2M1 M2
(
δm,m ′ − (−1)′δ−m,m ′
)×[
I α1m1;′m;2m1−m I
β
2m1−m;−m;1m1 + I
β
1m1;′m;2m1−m I
α
2m1−m;−m;1m1
]]

f f
bound −(−1)2+m1
2
3
(
δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′
)[
I α1m1;′2m1−m;2m−m1 I
α
2m1−m;−m;1m1
−I β1m1;′2m1−m;2m−m1 I
β
2m1−m;−m;1m1
]
˜
f f
bound (−1)2+m1
[
(M21 + M22)
(
δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′
)[
I α1m1;′2m1−m;2m−m1
×I α2m1−m;−m;1m1−I
β
1m1;′2m1−m;2m−m1 I
β
2m1−m;−m;1m1
]
−2M1 M2
(
δ2m1,m+m ′ − (−1)
′
δ2m1,m−m ′
)[
I α1m1;′2m1−m;2m−m1 I
β
2m1−m;−m;1m1
−I β1m1;′2m1−m;2m−m1 I α2m1−m;−m;1m1
]]
Fig. 4 H Hbulk −
∫ 1
0
dα
∫ 2
0
xdx
[x + ]2 (1 − 4α(1 − α))
(
δm,m ′ + (−1)′δ−m,m ′
)
J 11−m1;′m;2m1−m
×J 12m−m1;−m;1m1
˜H Hbulk −
∫ 1
0
dα
∫ 2
0
xdx
[x + ]2 (x − (1 − 4α(1 − α))p
2)
(
δm,m ′ + (−1)′δ−m,m ′
)
×J 11−m1;′m;2m1−m J 12m−m1;−m;1m1
H Hbound −
1
3
(−1)2(δ2m1,m+m ′ + (−1)′δ2m1,m−m ′) J 11−m1;′2m1−m;2−m1+m J 12m−m1;−m;1m1
˜H Hbound (M
2
1
+ M22)(−1)2
(
δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′
)
J 11−m1;′2m1−m;2−m1+m
×J 12m−m1;−m;1m1
Fig. 5 ˜Hbulk
∫ 2
0
4xdx
x + M21
(−1)m+m1δm,m ′ K 1−m;1m1;1−m1;′m ′
¯Hbound −4M21(−1)1+m+m1δ2m1,m−m ′ K 1−m;1m1;1m1;′m ′
B.1. One-loop corrections to KK masses of fermions
For fermions, the corresponding one-loop diagrams are shown in Figs. 1 and 2, and the contributions
from each diagram are expressed as Eqs. (52) and (53). We have calculated a diagram in Fig. 1,
Sect. 3, for four-dimensional components of a gauge boson inside a loop and obtained Eqs. (54)–
(57), which are summarized in the first part of Table A4. The contribution from φi to the diagram
in Fig. 1 is obtained by using 	¯φi	 vertices in Table A1 and the φi propagator Eq. (39). We then
obtain the second and third parts of Table A4.
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Figure 2 can be calculated in the same way by using the Yukawa coupling constants in Table A1
and the scalar boson propagator Eq. (42):
−iFig.2(p; m; ′m′) = 1
4R2
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫

d4k
(2π)4
×
[
i
(p − k)2 − M22
(δm1−m,m′1−m′ + (−1)
2δ−(m1−m),m′1−m′)
× (iY f )[I α1m′1;2m′1−m′;′m′ PR + I
β
1m′1;2m′1−m′;′m′
PL ]
× i
/k + iγ5 M1
(δm1,m′1 + (−1)
1+m1δ−m1,m′1γ5)
× (iY f )[I αm;2m1−m;1m1 PL + I
β
m;2m1−m;1m1 PR]
]
, (B1)
where Y f is the corresponding Yukawa coupling constant in six dimensions. The right-hand side is
expressed as the case of Fig. 1 and the results are summarized in the fourth part of Table A4.
B.2. One-loop corrections to KK masses of four-dimensional components of gauge
bosons
For gauge bosons, the corresponding one-loop diagrams are shown in Figs. 3–7, and they are cal-
culated as in the fermion case. Figure 3 for four-dimensional components of gauge bosons can be
obtained by using the relevant propagators of fermion Eq. (33) and 	¯ Aμ	 vertices in Table A1:
iFig.3μν (p; m, ′m′) = −
1
4R2
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫

d4k
(2π)4
× Tr
[
(ig6aTaγμ)
[
I α
1m′1;′m′;2m′1−m′ PR + I
β
1m′1;′m′;2m′1−m′
PL
]
× i
/k + iγ5 M1
(δm1,m′1 ∓ (−1)
1+m1δ−m1,m′1γ5)
× (ig6aTaγν)
[
I α2m1−m;m;1m1 PR + I
β
2m1−m;m;1m1 PL
]
× i
/k − /p + iγ5 M2
(δm1−m,m′1−m′ ∓ (−1)
2+m1+mδ−(m1−m),m′1−m′γ5)
]
,
(B2)
where the sign ± corresponds to 	(±γ5)+ in the loop. Taking the sum over m′1, the products of the
Kronecker delta become m-conserving {δm,m′, δ−m,m′ } and m-violating {δ2m1,m+m′, δ2m1,m−m′ }, and
we separate the bulk and the boundary contribution as in the fermion case, iFig.3μν (p; m, ′m′) =
iFig.3 bulkμν (p; m, ′m′) + iFig.3 boundμν (p; m, ′m′). After combining denominators with the Feyn-
man parameter and carrying out Wick rotation, a bulk contribution is estimated with Euclidean
four-momentum integration with cut-off  and a boundary contribution is estimated taking the
leading log-divergent part as in Eq. (51). After some calculations, we can express it in the form
of Eqs. (66) and (67), where each coefficient is given in the first part of Table A5.
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Figure 4 is calculated by making use of the propagator of scalar boson Eq. (42) and the H† AμH
vertex in Table A2 such that
iFig.4μν (p; m; ′m′)
= 1
4R2
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
J 1
1m′1;′m′;2m′1−m′ J
1
2m1−m;m;1,m1
×
[
{ig6aTa(2kμ − pμ)} ik2 − M21
(
δm1,m′1 + (−1)
1δ−m1,m′1
)
× {ig6aTa(2kν − pν)} i
(k − p)2 − M22
(
δm1−m,m′1−m′ + (−1)
2δ−(m1−m),m′1−m′
)]
, (B3)
which is also expressed as the form of Eqs. (66) and (67), and the explicit form of each coefficient
is summarized in the second part of Table A5.
Figure 5 is calculated by making use of the propagator of the scalar boson Eq. (42) and the
H† H Aμ Aμ vertex in Table A2 such that
iFig. 5μν (m; ′m′) =
1
2R2
max∑
1=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
(2ig26aT
2
a gμν)
i
k2 − M21
× K 1
,m;1,m1;1,m′1;′,m′[δm1,m′1 + (−1)
1δ−m1,m′1]δm′−m′1+m1−m,0, (B4)
which is expressed in the form of Eqs. (66) and (67), and the explicit form of each coefficient is
summarized in the third part of Table A5.
Figure 6 for two virtual Aμ is calculated by making use of the propagator of Aμ Eq. (36) and the
(Aμ)3 vertex in Table A3 such that
iFig.6(AμAμ)μν (p; m; ′m′)
= 1
2
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
−i
k2 − M21
gαβ
−i
(k + p)2 − M22
gρσ
× 12 [δm1m′1 + (−1)
1δ−m1m′1]
1
2 [δm1−m,m′1−m′ + (−1)
2δ−(m1−m),m′1−m′]
× g6a
R
f ikl[gμα(p − k)ρ + gαρ(p + 2k)μ + gρμ(−2p − k)α]
× g6a
R
f jkl[gβν(p − k)σ + gνσ (−2p − k)β + gσβ(p + 2k)ν]
× J 1
′m′;1m′1;2m′1−m′ J
1
m;1m1;2m1−m, (B5)
which is expressed in the form of Eqs. (66) and (67), and the explicit form of each coefficient is
summarized in the first part of Table B1. Figure 6 for one virtual Aμ and one virtual φi is calculated
in the same way by making use of the propagators of Aμ in Eq. (36) and φi in Eq. (39), and the
(Aμ)2φi vertex in Table A3. The results are summarized in the fourth part of Table B1. Figure 6 for
two virtual φi is also calculated by making use of the propagator of φi Eq. (39) and the Aμ(φi )2
vertex in Table A3, and the results are summarized in the sixth part of Table B1.
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Table B1. The contributions from the gauge boson loop with self-interactions for correction to the KKmasses
of the gauge boson. The summation symbols and the log divergence factor are omitted, as in Table A4. The
overall factor C2(G)g26a/64π2 R2 is also omitted where C2(G) is obtained as f lmi f lm j = C2(G)δi j for the
corresponding gauge group G.
Diagram Coefficients
Fig. 6 
Aμ Aμ
bulk
∫ 1
0
dα
∫ 2
0
dx
−x
2[x + ]2 [2(1 − 2α)
2 − 2(1 + α)(2 − α)](δmm ′ + (−1)′δ−mm ′)
×J 1′m;1m1;2m1−m J 1m;1m1;2m1−m
˜
Aμ Aμ
bulk
∫ 1
0
dα
∫ 2
0
dx
x
2[x + ]2
[
[(2 − α)2 + 3(α2 − 1) + 2(1 − 2α)2]p2 − 9x/2
]
(δmm ′ + (−1)′δ−mm ′)J 1′m;1m1;2m1−m J 1m;1m1;2m1−m

Aμ Aμ
bound (−1)l2
11
6
(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′) J 1′2m1−m;1m1;2m−m1 J
1
m;1m1;2m1−m
˜
Aμ Aμ
bound −
[
1
4
p2 − 9
4
(M2l1 + M2l2)
]
(−1)2(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)
J 1′2m1−m;1m1;2m−m1 J
1
m;1m1;2m1−m
Fig.7 ˜
Aμ
bulk
∫ 1
0
dα
∫ 2
0
dx
6x
[x + ′]2 [x − (1 − α)
2 p2]δmm ′ K 1′m;m;1m1;1m1
˜
Aμ
bound −6 ln
(2
μ2
)
M21(−1)1δ2m1,m−m ′ K 1′−2m1+m;m;1m1;1−m1
Fig. 4 cbulk −
∫ 1
0
dα
∫ 2
0
dx
x
[x + ]2 α(1 − α)(δmm ′ + (−1)
′δ−mm ′) J 11m1;′m;2m1−m
×J 12m1−m;m;l1m1
˜ccbulk
∫ 1
0
dα
∫ 2
0
dx
x
[x + ]2
(
x
4
+ α(1 − α)p2
)
(δmm ′ + (−1)′δ−mm ′) J 11m1;′m;2m1−m
×J 12m1−m;m;1m1
ccbound −(−1)2
1
6
(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′) J 11m1;′2m1−m;2m−m1 J
1
2m1−m;m;1m1
˜ccbound (−1)2
1
4
(
p2 − M2l1 − M2l2
)
(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′) J 11m1;′2m1−m;2m−m1
×J 12m1−m;m;1m1
Fig. 6 ˜
Aμφ1(φ2)
bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
[x + ]2 (δmm ′ + (−1)
′δ−mm ′)J 4(5)′m;1m1;2m1−m J
4(5)
m;1m1;2m1−m
˜
Aμφ1(φ2)
bound −
(−1)2
R2
(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)J
4(5)
′2m1−m;1m1;2m−m1 J
4(5)
m;1m1;2m1−m
Fig. 7 ˜φibulk
∫ 2
0
dx
2x
x + M21
δmm ′ K 21m1;1m1;′m;m
˜
φi
bound −2M21(−1)1δ2m1,m−m ′ K 21,−m1;1m1;′−2m1+m;m
Fig. 6 φi φi (φ1φ2)bulk −
∫ 1
0
dα
∫ 2
0
dx
x
[x + ]2
(
1 − 4α(1 − α)
)
J 6(7)2m1−m;1m1;′m
×J 6(7)2m1−m;1m1;m(δmm ′ + (−1)
′
δ−mm ′)
continued.
36/48
PTEP 2014, 083B04 N. Maru et al.
Table B1. continued.
Diagram Coefficients
¯
φi φi (φ1φ2)
bulk −
∫ 1
0
dα
∫ 2
0
dx
x
[x + ]2
(
x + [4α(1 − α) − 1]p2
)
J 6(7)2m1−m;1m1;′m
×J 6(7)2m1−m;1m1;m(δmm ′ + (−1)
′
δ−mm ′)

φi φi (φ1φ2)
bound −(−1)l2
1
3
J 6(7)2m−m1;1m1;′2m1−m J
6(7)
2m1−m;1m1;m(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)
¯
φi φi (φ1φ2)
bound (−1)2
(
M21 + M22
)
J 6(7)2m−m1;1m1;′2m1−m
×J 6(7)2m1−m;1m1;m(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)
Figure 7 for virtual Aμ is calculated by making use of the propagator of Aμ in Eq. (36) and the
(Aμ)4 vertex in Table A3 such that
iFig.7(Aμ)μν (p; m; ′m′)
= 1
2
max∑
1=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
−i
k2 − M21
gσρδkl
×
(
−i g
2
6a
R2
)
[ f i jm f klm(gμρgνσ − gμσ gνρ) + f ikm f jlm(gμνgρσ − gμσ gνρ)
+ f ilm f jkm(gμνgρσ − gμρgνσ )]
× 1
2
[δm1m′1 + (−1)
1δ−m1m′1]δm′−m′1+m1−m,0K
1
′m′;m;1m1;1m′1, (B6)
which is expressed in the form of Eqs. (66) and (67) and the explicit form of each coefficient is
summarized in the second part of Table B1. Figure 7 for virtual φi is calculated in the same way by
making use of the propagator of φi in Eq. (39) and the (Aμ)2(φi )2 vertex in Table A3. The results
are summarized in the fifth part of Table B1.
Figure 4 for the ghost contribution is calculated bymaking use of the propagator of the scalar boson
in Eq. (42) and the c¯cAμ vertex in Table A3 such that
iFig.4(cc)μν (p; m; ′m′) = (−1)
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
i
k2 − M21
i
(k + p)2 − M22
× g
2
6a
R2
f ilk(k + p)μ f k jlkν J 1
′m′;1m′1;2m′1−m′ J
1
m;1m1;2m1−m
× 1
2
[δm1m′1 + (−1)
1δ−m1m′1]
1
2
[δm1−m,m′1−m′ + (−1)
2δ−(m1−m),m′1−m′],
(B7)
which is expressed in the form of Eqs. (66) and (67), and the explicit form of each coefficient is
summarized in the third part of Table B1.
B.3. One-loop corrections to KK masses of the extra-dimensional components
of gauge bosons
Here we calculate one-loop corrections to the φ1φ1 term. Figure 3 for the extra-dimensional compo-
nents of gauge bosons φ1 can be obtained by making use of the propagator of the fermion in Eq. (33)
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Table B2. The contributions from fermions and the Higgs boson loop for correction to the KK masses of the
extra components of gauge bosons. The summation symbols and the log divergence are omitted, as in Table A4.
The overall factor Tr[T ai T aj ]g26a/64π2 R2 is also omitted for each expression.
Diagram Coefficients
Fig. 3 (i) f fbulk −
∫ 1
0
dα
∫ 2
0
xdx
[x + M ]2 (−1)
m
[
6x + 2M
x + M α(1 − α)
(
δm,m ′ + (−1)′δ−m,m ′
)
×[Cα1m1;′m;2m1−mCβ2m1−m;−m;1m1 + Cβ1m1;′m;2m1−mCα2m1−m;−m;1m1]
− 4M1 M2
α(1 − α)
x + M
(
δm,m ′ − (−1)′δ−m,m ′
)[
Cα1m1;′m;2m1−mC
α
2m1−m;−m;1m1
+Cβ1m1;′m;2m1−mC
β
2m1−m;−m;1m1
]]
˜
(i) f f
bulk
∫ 1
0
dα
∫ 2
0
xdx
[x + M ]2 (−1)
m
[
2x
(
δm,m ′ + (−1)′δ−m,m ′
)
×[Cα1m1;′m;2m1−mCβ2m1−m;−m;1m1 + Cβ1m1;′m;2m1−mCα2m1−m;−m;1m1]
−2M1 M2
(
δm,m ′ − (−1)′δ−m,m ′
)
×[Cα1m1;′m;2m1−mCα2m1−m;−m;1m1 + Cβ1m1;′m;2m1−mCβ2m1−m;−m;1m1]
]

(i) f f
bound −(−1)2+m1
[(
δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′
)[
Cα1m1;′2m1−m;2m−m1 C
β
2m1−m;−m;1m1
−Cβ1m1;′2m1−m;2m−m1 Cα2m1−m;−m;1m1
]]
˜
(i) f f
bound −(−1)2+m1
[
(M21 + M22)
(
δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′
)[
Cα1m1;′2m1−m;2m−m1
×Cβ2m1−m;−m;1m1−C
β
1m1;′2m1−m;2m−m1 C
α
2m1−m;−m;1m1
]
+2M1 M2
(
δ2m1,m+m ′ − (−1)
′
δ2m1,m−m ′
)[
Cα1m1;′2m1−m;2m−m1 C
α
2m1−m;−m;1m1
−Cβ1m1;′2m1−m;2m−m1 C
β
2m1−m;−m;1m1
]]
Fig. 4 (1(2))H Hbulk −
1
R2
∫ 1
0
dα
∫ 2
0
xdx
[x + M ]2
2α(1 − α)
x + M
(
δm,m ′ + (−1)′δ−m,m ′
)×
{J 2(3)1−m1;′m;2m1−m − J
2(3)
2m1−m;′m;1−m1}{J
2(3)
2m−m1;−m;1m1 − J
2(3)
1m1;−m;2m−m1}
˜
(1(2))H H
bulk
1
R2
∫ 1
0
dα
∫ 2
0
xdx
[x + M ]2
(
δm,m ′ + (−1)′δ−m,m ′
)×
{J 2(3)1−m1;′m;2m1−m − J
2(3)
2m1−m;′m;1−m1}{J
2(3)
2m−m1;−m;1m1 − J
2(3)
1m1;−m;2m−m1}
˜
(1(2))H H
bound
(−1)2
R2
(
δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′
)×
{J 2(3)1−m1;′2m1−m;2m−m1 − J
2(3)
2m−m1;′2m1−m;1−m1} {J
2(3)
2m−m1;−m;1m1 − J
2(3)
1m1;−m;2m−m1}
Fig. 5 ˜(i)Hbulk
∫ 2
0
4xdx
x + M21
(−1)m+m1δm,m ′ K 2−m;′m;1−m1;1m1
˜
(i)H
bound −4M21(−1)1+m−m1δ2m1,m−m ′ K 2−m;′m ′;1m1;1−m1
and the 	¯φi	 vertex in Table A1, such that
i(i)Fig.3(p; m, ′m′) = −
1
4R2
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫

d4k
(2π)4
× Tr
[
(ig6aT aγ5)
[
Cα
1m′1;′m′;2m′1−m′ PL + C
β
1m′1;′m′;2m′1−m′
PR
]
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Table B3. The contributions from the gauge boson loop with self-interactions for correction to the φ1φ1 terms
for the KK masses of the extra components of gauge bosons. The summation symbols and the log divergence
factor are omitted, as in Table A4. The overall factor C2(G)g26a/64π2 R2 is also omitted.
Diagram Coefficients
Fig. 6 
(1)Aμφ1(φ2)
bulk
∫ 1
0
dα
∫ 2
0
dx
x[(3α2 − 4α + 1)x + (α − 1)2M ]
[x + M ]2(x + M) (δmm
′ + (−1)′δ−mm ′)
J 6(7)′m;1m1;2m1−m J
6(7)
m;1m1;2m1−m
˜
(1)Aμφ1(φ2)
bulk
∫ 1
0
dα
∫ 2
0
dx
x2
[x + M ]2 (δmm
′ + (−1)′δ−mm ′)J 6(7)′m;1m1;2m1−m J
6(7)
m;1m1;2m1−m
˜
(1)Aμφ1(φ2)
bound −(M2l1 + M2l2)(−1)2(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)J
6(7)
′2m1−m;1m1;2m−m1
×J 6(7)m;1m1;2m1−m
Fig. 7 ˜
(1)Aμ
bulk
∫ 2
0
dx
8x
x + M21
δmm ′ K 2m;′m;1m1;1m1
˜
(1)Aμ
bound −8M2l1(−1)l1δ2m1,m−m ′ K 2lm;l ′−2m1+m;l1−m1;l1m1
Fig. 6 
(1)Aμ Aμ
bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
4x
[x + M ]2
2α(1 − α)
x + M (δmm
′ + (−1)′δ−mm ′)J 42m1−m;1m1;′m
×J 42m1−m;1m1;m
¯
(1)Aμ Aμ
bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
4x
[x + M ]2 (δmm
′ + (−1)′δ−mm ′)J 42m1−m;;1m1;′m
×J 42m1−m;1m1;m
¯
(1)Aμ Aμ
bound −
4
R2
(−1)2(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)J 42m−m1;1m1;′2m1−m J
4
2m1−m;1m1;m
Fig. 6 (1)φ1φ1bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
[x + M ]2
α(1 − α)
x + M (δmm
′ + (−1)′δ−mm ′)J 10′m;2m1−m;1m1
×J 102m1−m;1m1;m
˜
(1)φ1φ1
bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
2[x + M ]2 (δmm
′ + (−1)′δ−mm ′)J 10′m;2m1−m;1m1
×J 102m1−m;1m1;m
˜
(1)φ1φ1
bound −
1
2R2
(−1)2(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)J 10′2m1−m;2m−m1;1m1 J
10
2m1−m;1m1;m
Fig. 6 (1)φ2φ2bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
[x + M ]2
α(1 − α)
x + M (δmm
′ + (−1)′δ−mm ′)J 92m1−m;1m1;′m
×J 92m1−m;1m1;m
˜
(1)φ2φ2
bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
2[x + M ]2 (δmm
′ + (−1)′δ−mm ′)J 92m1−m;1m1;′m
×J 92m1−m;1m1;m
˜
(1)φ2φ2
bound −
1
2R2
(−1)2(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)J 92m−m1;1m1;′2m1−m J
9
2m1−m;1m1;m
Fig. 6 (1)φ1φ2bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
[x + M ]2
α(1 − α)
x + M (δmm
′ + (−1)′δ−mm ′)J 8′m;1m1;2m1−m
×J 8m;1m1;2m1−m
continued.
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Table B3. continued.
Diagram Coefficients
˜
(1)φ1φ2
bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
2[x + M ]2 (δmm
′ + (−1)′δ−mm ′)J 8′m;1m1;2m1−m
×J 8m;1m1;2m1−m
˜
(1)φ1φ2
bound −
1
2R2
(−1)2(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)J 8′2m1−m;1m1;2m−m1 J
8
m;1m1;2m1−m
Fig. 7 ˜(1)φ1bulk
∫ 2
0
dx
x
x + M21
δmm ′
(
2K 4′m;1m1;m;1m1 − K 4m;′m;1m1;1m1 − K 4′m;m;1m1;1m1
)
˜
(1)φ1
bound −M21δ2m1,m−m ′
(
2K 4′−2m1+m;1−m1;m;1m1 − K 4m;′−2m1+m;1−m1;1m1
− K 4′−2m1+m;m;1−m1;1m1
)
Fig. 7 ˜(1)φ2bulk −
∫ 2
0
dx
x
x + M21
δmm ′
(
2K 6′m;m;1m1;1m1 − K 4m;′m;1m1;1m1 − K 4′m;m;1m1;1m1
)
˜
(1)φ2
bound M
2
1
δ2m1,m−m ′
(
2K 6′−2m1+m;m;1−m1;1m1 − K 4m;′−2m1+m;1−m1;1m1
− K 4′−2m1+m;m;1−m1;1m1
)
× i
/k + iγ5 M1
(δm1,m′1 ∓ (−1)
1+m1δ−m1,m′1γ5)×
× (ig6aT aγ5)
[
Cα2m1−m;m;1m1 PL + C
β
2m1−m;m;1m1 PR
]
× i
/k − /p + iγ5 M2
(δm1−m,m′1−m′ ∓ (−1)
2+m1+mδ−(m1−m),m′1−m′γ5)
]
,
(B8)
where the± sign corresponds to	(±γ5)+ in the loop. After taking the sum over m′1, it is separated into
bulk and boundary contributions as in the previous cases. We then arrange the terms in the form of
Eqs. (75) and (76), and each coefficient is given in the first line of Table B2. In arranging the terms,
we expanded the denominator of Eq. (B34) to extract the terms proportional to p2 such as
1
[/k + iγ5 M1][/k − /p + iγ5 M2]
→
∫ 1
0
dα
1
[k2E + (1 − α)M21 + αM22 − α(1 − α)p2]2
= 1
k2E + M
[
1 + 2α(1 − α)
k2E + M
p2 + O(p4)
]
, (B9)
where M = (1 − α)M21 + αM22 , and kE is a Euclidean momentum.
Figure 4 is calculated in the same manner by making use of the propagator of the scalar boson in
Eq. (42) and the H† Hφi vertex in Table A2 such that
iFig.4(p; m; ′m′)
= 1
4R4
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
g6aTa
−i
k2 − M21
(
δm1,m′1 + (−1)
1δ−m1,m′1
)
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Table B4. The contributions from the gauge boson loop with self-interactions for correction to the φ2φ2 terms
for the KK masses of the extra components of gauge bosons. The summation symbols and the log divergence
factor are omitted, as in Table A4. The overall factor C2(G)g26a/64π2 R2 is also omitted.
Diagram Coefficients
Fig. 6 
(2)Aμφ1
bulk
∫ 1
0
dα
∫ 2
0
dx
x[(3α2 − 4α + 1)x + (α − 1)2M ]
[x + M ]2(x + M) (δmm
′ + (−1)′δ−mm ′)
×J 71m1;′m;2m1−m J 71m1;m;2m1−m
˜
(2)Aμφ1
bulk
∫ 1
0
dα
∫ 2
0
dx
−x2
[x + M ]2 (δmm
′ + (−1)′δ−mm ′)J 71m1;′m;2m1−m J 71m1;m;2m1−m
˜
(2)Aμφ1
bound −(M2l1 + M2l2)(−1)l2(δ2m1,m+m ′ + (−1)l
′
δ2m1,m−m ′)
×J 71m1;′2m1−m;2m−m1 J 71m1;m;2m1−m
Fig. 6 
(2)Aμφ2
bulk
∫ 1
0
dα
∫ 2
0
dx
x[(3α2 − 4α + 1)x + (α − 1)2M ]
[x + M ]2(x + M) (δmm
′ + (−1)′δ−mm ′)
×J 6′m;1m1;2m1−m J 6m;1m1;2m1−m
˜
(2)Aμφ2
bulk
∫ 1
0
dα
∫ 2
0
dx
−x2
[x + M ]2 (δmm
′ + (−1)′δ−mm ′)J 6′m;1m1;2m1−m J 6m;1m1;2m1−m
˜
(2)Aμφ2
bound −(M2l1 + M2l2)(−1)l2(δ2m1,m+m ′ + (−1)l
′
δ2m1,m−m ′)
×J 6′2m1−m;1m1;2m−m1 J 6m;1m1;2m1−m
Fig. 7 ˜
(2)Aμ
bulk
∫ 2
0
dx
8x
x + M21
δmm ′ K 2m;′m;1m1;1m1
˜
(2)Aμ
bound −8M21(−1)1δ2m1,m−m ′ K 2m;′−2m1+m;1−m1;1m1
Fig. 6 
(2)Aμ Aμ
bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
4x
[x + M ]2
2α(1 − α)
x + M (δmm
′ + (−1)′δ−mm ′)
×J 52m1−m;1m1;′m J 52m1−m;1m1;m
˜
(2)Aμ Aμ
bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
4x
[x + M ]2 (δmm
′ + (−1)′δ−mm ′)
×J 52m1−m;1m1;′m J 52m1−m;1m1;m
˜
(2)Aμ Aμ
bound −
4
R2
(−1)2(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)J 52m−m1;1m1;′2m1−m J
5
2m1−m;1m1;m
Fig. 6 (2)φ1φ1bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
[x + M ]2
α(1 − α)
x + M (δmm
′ + (−1)′δ−mm ′)
×J 82m1−m;1m1;′m J 82m1−m;1m1;m
˜
(2)φ1φ1
bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
2[x + M ]2 (δmm
′ + (−1)′δ−mm ′)
×J 82m1−m;1m1;′m J 82m1−m;1m1;m
˜
φ1φ1
bound −
1
2R2
(−1)2(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)J 82m−m1;1m1;′2m1−m J
8
2m1−m;1m1;m
(continued.)
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Table B4. continued.
Diagram Coefficients
Fig. 6 i(2)φ2φ2bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
[x + M ]2
α(1 − α)
x + M (δmm
′ + (−1)′δ−mm ′)
×J 9′m;1m1;2m1−m J 9m;1m1;2m1−m
˜
(2)φ2φ2
bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
2[x + M ]2 (δmm
′ + (−1)′δ−mm ′)
×J 9′m;1m1;2m1−m J 9m;1m1;2m1−m
˜
(2)φ2φ2
bound −
1
2R2
(−1)2(δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′)J 9′2m1−m;1m1;2m−m1 J
9
m;1m1;2m1−m
Fig. 7 ˜(2)φ1bulk
∫ 2
0
dx
x
x + M21
δmm ′
(
2K 4′m;1m1;m;1m1 − K 4m;′m;1m1;1m1 − K 4′m;m;1m1;1m1
)
˜
(2)φ1
bound −M21δ2m1,m−m ′
(
2K 4′−2m1+m;1−m1;m;1m1 − K 4m;′−2m1+m;1−m1;1m1
−K 4′−2m1+m;m;1−m1;1m1
)
Fig. 7 ˜(2)φ2bulk −
∫ 2
0
dx
x
x + M2l1
δmm ′
(
2K 61m1;1m1;′m;m − K 41m1;1m1;′m;m − K 41m1;1m1;′m;m
)
˜
(2)φ2
bound M
2
1
δ2m1,m−m ′
(
2K 61−m1;1m1;′−2m1+m;m − K 41m1;1−m1;′−2m1+m;m
−K 41−m1;1m1;′−2m1+m;m
)
× g6aTa −i
(k − p)2 − M22
(
δm1−m,m′1−m′ + (−1)
2δ−(m1−m),m′1−m′
)
× [J 2
1,m′1;′,m′;2,m′1−m′ − J
2
2,m′1−m′;′,m′;1,m′1]
× [J 22,m1−m;,m;1,m1 − J 2(1,m1);,m;2,m1−m], (B10)
which is expressed in the form of Eqs. (75) and (76), and each coefficient is summarized in the second
part of Table B2.
Figure 5 is calculated in the same manner by making use of the propagator of the scalar boson in
Eq. (42) and the H† H(φi )2 vertex in Table A2 such that
iFig.5(, m, ′, m′) = 1
2R2
max∑
1=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
2i(g6aTa)2
i
k2 − M21
× K 2
1,m′1;′,m′;,m;1,m1[δm1,m′1 + (−1)
1δ−m1,m′1]δm′−m′1+m1−m,0, (B11)
which is expressed in the form of Eqs. (75) and (76), and each coefficient is summarized in the third
part of Table B2.
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Table B5. The contributions from the gauge boson loop with self-interactions for correction to the φ1φ2 terms
for the KK masses of the extra components of gauge bosons. The summation symbols and the log divergence
factor are omitted, as in Table A4. The overall factor C2(G)g26a/64π2 R2 is also omitted.
Diagram Coefficients
Fig. 6 (12)φ1φ1bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
[x + M ]2
α(1 − α)
x + M (δmm
′ + (−1)′δ−mm ′)
×J 102m1−m;1m1;′m J 82m1−m;1m1;m
˜
(12)φ1φ1
bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
2[x + M ]2 (δmm
′ + (−1)′δ−mm ′)
×J 102m1−m;1m1;′m J 82m1−m;1m1;m
˜
(12)φ1φ1
bound −
1
2R2
(−1)2(δ2m1,m+m ′ + (−1)l
′
δ2m1,m−m ′)J 102m−m1;1m1;′2m1−m J
8
2m1−m;1m1;m
Fig. 6 (12)φ1φ2bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
[x + M ]2
α(1 − α)
x + M (δmm
′ + (−1)′δ−mm ′)
×J 8′m;2m1−m;1m1 J 9m;1m1;2m1−m
˜
(12)φ1φ2
bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
2[x + M ]2 (δmm
′ + (−1)′δ−mm ′)J 8′m;2m1−m;1m1 J 9m;1m1;2m1−m
˜
(12)φ1φ2
bound
1
2R2
(−1)2(δ2m1,m+m ′ + (−1)l
′
δ2m1,m−m ′)J 8′2m1−m;2m−m1;1m1 J
9
m;1m1;2m1−m
Fig. 7 ˜(12)φ1bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
1
x + M21
[
K 5m;′m;1m1;1m1 + K 5m;′m;1m1;1m1
−2K 5m;1m1;1m1;′m
]
δmm ′
˜
(12)φ1
bound
1
R2
[
K 5m;′m−2m1;1m1;1−m1 + K 5m;′m−2m1;1−m1;1m1
−2K 5m;1−m1;1m1;′m−2m1
]
δ2m1,m−m ′
Fig. 7 ˜(12)φ2bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
1
x + M21
[
K 5m;′m;1m1;1m1 + K 5m;′m;1m1;1m1
−2K 5m;1m1;1m1;′m
]
δmm ′
˜
(12)φ2
bound −
1
R2
[
K 5m;′m−2m1;1m1;1−m1 + K 5m;′m−2m1;1−m1;1m1
−2K 5m;1−m1;1m1;′m−2m1
]
δ2m1,m−m ′
Figure 6 for two virtual Aμ is calculated by making use of the propagator of Aμ in Eq. (36) and
the (Aμ)2φ1 vertex in Table A3 such that
iFig.6(Aμ Aμ)(p; m; ′m′)
=
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
−i
k2 − M21
−i
(k + p)2 − M22
gμν
× 1
2
[δm1m′1 + (−1)
1δ−m1m′1]
1
2
[δm1−m,m′1−m′ + (−1)
2δ−(m1−m),m′1−m′]
× g6a
R
f kil(−k − p)μ g6a
R
f k jl(−k − p)ν J 6
′m′;1m′1;2m′1−m′ J
6
m;1m1;2m1−m, (B12)
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Table B6. The contributions from the Higgs boson and gauge boson loops for correction to the KK masses of
the Higgs boson. The summation symbols and the log divergence factor are omitted, as in Table A4. The overall
factors (Ta)2g26a/64π2 R2 and λ6/64π2 R2 are also omitted for loops with gauge interaction and Higgs–self
interaction respectively.
Diagram Coefficients
Fig. 8 
Aμ H
bulk
∫ 1
0
dα
∫ 2
0
−xdx
[x + M ]2
(
(α + 1)2 − 2α(1 − α)x
x + M
)
[δm,m ′ + (−1)′δm,−m ′ ]
×J 11m1;2m1−m;′m J 1m;2m1−m;1m1
˜
Aμ H
bulk −
∫ 1
0
dα
∫ 2
0
dx
x2
[x + M ]2 [δm,m
′ + (−1)′δm,−m ′ ]J 11m1;2m1−m;′m J 1m;2m1−m;1m1

Aμ H
bound −2(−1)2 [δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′ ]J 11m1;2m−m1;′2m1−m J 1m;2m1−m;1m1
˜
Aμ H
bound (M
2
1
+ M22)(−1)2 [δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′ ]J 11m1;2m−m1;′2m1−m J 1m;2m1−m;1m1
Fig. 8 
φ1(2)H
bulk −
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
[x + M ]2
2α(1 − α)
x + M [δm,m
′ − (−1)′δ−m,m ′ ]
×
[
J 2(3)1m1;2m1−m;′m − J
2(3)
′m;2m1−m;1m1
][
J 2(3)m;2m1−m;1m1 − J
2(3)
1m1;2m1−m;m
]
¯
φ1(2) H
bulk
1
R2
∫ 1
0
dα
∫ 2
0
dx
x
[x + M ]2 [δm,m
′ − (−1)l ′δ−m,m ′ ]
× [J 21m1;2m1−m;′m − J 2′m;2m1−m;1m1 ][J
2(3)
m;2m1−m;1m1 − J
2(3)
1m1;2m1−m;m]
¯
φ1(2) H
bound
(−1)2
R2
[δ2m1,m+m ′ − (−1)
′
δ2m1,m−m ′ ]
[
J 2(3)1m1;2m−m1;′2m1−m − J
2(3)
′2m1−m;2m−m1;1m1
]
×
[
J 2(3)m;2m1−m;1m1 − J
2(3)
1m1;2m1−m;m
]
Fig. 9 ˜
Aμ
bulk
∫ 2
0
8xdx
x + M21
K 11m1;1m1;m;′mδm,m ′
˜
Aμ
bound − (−1)1 8M21 K 11m1;1−m1;m;′m ′δ2m1,m ′−m
Fig. 9 ˜φibulk
∫ 2
0
2xdx
x + M21
K 21m1;1m1;m;′mδm,m ′
˜
φi
bound − (−1)1 2M21 K 21m1;1−m1;m;′m ′δ2m1,m ′−m
Fig. 11 ˜Hbulk
∫ 2
0
2xdx
x + M21
K 11m1;1m1;m;′mδm,m ′
˜Hbound − (−1)1 2M21 K 11m1;1−m1;m;′m ′δ2m1,m ′−m
which is expressed in the form of Eqs. (75) and (76), and each coefficient is summarized in the third
part of Table B3. Figure 6 for one virtual Aμ and one virtual φi is calculated in the same way by
making use of the propagator of Aμ in Eq. (36), that of φi in Eq. (39), and the (Aμ)2φi vertex in
Table A3. The results are summarized in the first part of Table B3. Figure 6 for two virtual φi is
calculated by making use of the propagator of φi in Eq. (39) and the (φi )4 vertex in Table A3, and
the results are summarized in the fourth, fifth, and sixth parts of Table B3.
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Table B7. The contributions from the fermion loop for correction to the KK masses of the Higgs boson. The
summation symbols and the log divergence factor are omitted, as in Table A4. The overall factor Y 2f /64π2 R2
is also omitted.
Diagram Coefficients
Fig. 10  f fbulk
∫ 1
0
dα
∫ 2
0
dx
2x
[x + M ]2
[(
α(1 − α) + 2α(1 − α)x
x + M
)
[δm,m ′ + (−1)l ′δ−m,m ′ ]
× (I α1m1;′m;2m1−m I α2m1−m;m;1m1 + I
β
1m1;′m;2m1−m I
β
2m1−m;m;1m1)
+ Ml1 Ml2 2α(1−α)x+M [δm,m ′ + (−1)
′
δ−m,m ′ ]
× (I α1m1;′m;2m1−m I
β
2m1−m;m;1m1 + I
β
1m1;′m;2m1−m I
α
2m1−m;m;1m1)
]
˜
f f
bulk −
∫ 1
0
dα
∫ 2
0
dx
2x
[x + M ]2
[
x[δm,m ′ + (−1)l ′δ−m,m ′ ]
× (I α1m1;′m;2m1−m I α2m1−m;m;1m1 + I
β
1m1;′m;2m1−m I
β
2m1−m;m;1m1)
+ M1 M2 [δm,m ′ + (−1)′δ−m,m ′ ]
× (I α1m1;′m;2m1−m I
β
2m1−m;m;1m1 + I
β
1m1;′m;2m1−m I
α
2m1−m;m;1m1)
]

f f
bound −(−1)2+m1+m[δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′ ]
× (I α1m1;′2m1−m;2m−m1 I α2m1−m;m;1m1 − I
β
1m1;′2m1−m;2m−m1 I
β
2m1−m;m;1m1)
˜
f f
bound −2
[
(M21 + M22)(−1)2+m1+m[δ2m1,m+m ′ + (−1)
′
δ2m1,m−m ′ ]
× (I α1m1;′2m1−m;2m−m1 I α2m1−m;m;1m1 − I β1m1;′2m1−m;2m−m1 I β2m1−m;m;1m1)
− M1 M2(−1)2+m1+m[δ2m1,m+m ′ − (−1)′δ2m1,m−m ′ ]
× (I α1m1;′2m1−m;2m−m1 I β2m1−m;m;1m1 − I β1m1;′2m1−m;2m−m1 I α2m1−m;m;1m1)]
Figure 7 for virtual Aμ is calculated by applying the propagator of Aμ in Eq. (36) and the
(Aμ)2(φi )2 vertex in Table A3 such that
iFig.7(Aμ)(p; m; ′m′) = 1
2
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
−i
k2 − M21
gσρδkl
× i g
2
6a
R2
gρσ [ f ikm f jlm + f ilm f jkm]
× 1
2
[δm1m′1 + (−1)
1δ−m1m′1]δm′−m′1+m1−m,0K
2
m;′m′;1m′1;1m1,
(B13)
which is expressed in the form of Eqs. (75) and (76), and each coefficient is summarized in the second
part of Table B3. Figure 7 for virtual φi is calculated in the same way bymaking use of the propagator
of φi in Eq. (39) and the (φi )4 vertex in Table A3, and the results are summarized in the seventh and
eighth parts of Table B3.
The one-loop corrections to the φ2φ2 term and off-diagonal φ1φ2 term are carried out in the same
way, and the results are summarized in Tables B4 and B5 respectively.
B.4. One-loop corrections to the KK mass of the Higgs boson
For the Higgs boson, the corresponding one-loop diagrams are shown in Figs. 8–11. These diagrams
are calculated as in the previous cases. Figure 11 for virtual Aμ can be obtained by making use of
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the propagators in Eq. (42) and the H† H Aμ vertex in Table A2, such that
iFig.11(p; m, ′m′) = 14R2
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
× ig6aT a(p + k)μ J 11m′1;2m′1−m′;′m′
× i
k2 − M21
[δm1−m,m′1−m′ + (−1)
2δ−m1+m,m′1−m′]
× ig6aT a(p + k)μ J 1m;2m1−m;1m1
× −i
(p − k)2 − M22
[δm1,m′1 + (−1)
1δ−m1,m′1]. (B14)
After summing over m′1, it is separated into the bulk and the boundary contribution as in the previous
cases. We then arrange the terms in the form of Eqs. (84) and (85) using Eq. (B35) to extract terms
proportional to p2, and each coefficient is given in the first part of Table B6. Figure 11 for one virtual
φi is calculated in the same way by applying the propagator of φi in Eq. (39), the propagator of the
scalar boson in Eq. (42), and the H† Hφi vertex in Table A2, and the results are summarized in the
second part of Table B6.
Figure 10 for virtual Aμ is calculated by making use of the propagator of Aμ in Eq. (36) and the
H† H(Aμ)2 vertex in Table A2 such that
iFig.9(Aμ)(p; m; ′m′) = i g
2
6a
R2
T 2a gμνg
μν
max∑
1=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
K 1
1m1;1m′1;m;′m′
× 1
2
−i
k2 − M21
[δm1,m′1 + (−1)
1δ−m1,m′1]δm+m1,−m,m′1, (B15)
which is expressed in the form of Eqs. (84) and (85), and each coefficient is summarized in the third
part of Table B6. Figure 10 for virtual φi is calculated in the same way by applying the propagator
of φi in Eq. (39) and the H† H(φi )2 vertex in Table A2, and the results are summarized in the fourth
part of Table B6.
Figure 8 is calculated in the same manner by making use of the propagator of the scalar boson in
Eq. (42) and the (H† H)2 vertex in Table A2 such that
iFig.11(p; m; ′m′) = −iλ6
2R2
max∑
1=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
K 1
1m1;1m′1;m;′m′
×
iδm+m1,m′+m′1
k2 − M21
[δm1,m′1 + (−1)
1δ−m1,m′1], (B16)
which is expressed in the form of Eqs. (84) and (85), and each coefficient is summarized in the fifth
part of Table B6.
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Figure 9 is calculated by making use of the propagator of the scalar boson in Eq. (42) and the
		H vertex in Table A2 such that
iFig.10(p; m; ′m′) = −(Y f )
2
4R4
max∑
1=0
max∑
2=0
1∑
m1=−1
1∑
m′1=−1
∫ d4k
(2π)4
× Tr
[
(I α
1m′1;′m′;2m′1−m′ PL + I
β
1m′1;′m′;2m′1−m′
PR)
i
γ μkμ + iγ 5 M1
× (δm1,m′1 ∓ (−1)
1+m1δ−m1,m′1γ
5)(I α2m1−m;m;1m1 PL + I
β
2m1−m;m;1m1 PR)
× i
γ μ(kμ − pμ) + iγ 5 M2
(δm1−m,m′1−m′ ∓ (−1)
2+m1+mδ−(m1−m),m′1−m′γ
5)
]
,
(B17)
which is expressed as in the previous case and the result is summarized in Table B7.
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